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Study of Anodic Oxide Films on Titanium and Titanium-Zirconium 
Alloys and their Potential for Capacitive Energy Storage  
 
 
 
Abstract 
 
 
by 
MIN-KYONG CHUNG 
 
 
Anodic oxide films were formed on titanium and titanium-zirconium alloys. 
They were studied for their ability to serve as dielectrics for storage of electrical 
energy and for their utility as anodes of electrolytic capacitors. The work comprised 
a study of the development of structure and electrochemical properties of TiO2 and of 
mixed TiO2-ZrO2 oxide films during their short-time anodic formation and during 
long-time repair-anodization in oxidizing electrolyte.  
      The TiO2 anodic films evolved from an initially homogeneous amorphous state 
by nucleation of nanometer-sized grains and by additional recrystallization into films 
with islands of nm-grains and eventually with ‘anatase’-phase oxide nodules.  They 
 xx 
 
became embedded in the inner parts of the film, forming a stratified oxide layer and 
eventually replaced and overgrew most of the original anodic film. During this 
development the electrochemical parameters and the oxide-dielectrics’ property 
changes were recorded in-situ and interpreted by electrochemical impedance 
spectroscopy (EIS) and by equivalent circuit (EC) modeling. The permittivity of the 
films increased as a result of the recrystallization. However, their leakage currents 
increased also and diminished their useful electric field strength. Mixed TiO2-ZrO2 
films were formed by anodizing Ti-Zr alloy. They developed in similar fashion as the 
TiO2 films, except they remained relatively homogenous during long-time 
anodization because of their resistance to recrystallization. They maintained a lower 
leakage current and were better suited as a capacitor dielectric. 
Another objective was the development of a process to synthesize homogeneous 
anodes of Ti-Zr anode alloy with high surface enhancement. The process is based on 
magnesiothermic reduction of titanium and/or zirconium halides and the sinter-
bonding of the so-formed alloy particles. It formed nanocomposites of 
interpenetrating Ti-Zr alloy and magnesium-halide salts. After removal of the salts 
by distillation open-porous alloy specimens were obtained that could be anodized to 
convert their surface into a continuous (Ti-Zr)O2 oxide film. By variation of the 
processing times and temperatures the process rates of reduction and sintering could 
be controlled. Ti-Zr alloy sponge samples were produced with nm-sized branch and 
pores. They were suited as electrolytic capacitor anodes. 
  
 1 
 
Chapter 1  Research Objectives and Introduction  
 
1.0   Research Objectives 
The present work addresses Ti and Ti-Zr alloy and their anodic oxides as 
potential anodes and dielectrics for electrolytic capacitors with the following 
objectives; 
 
i. Anodic Formation of Titanium Oxide on Unalloyed Titanium and Evaluation of its 
Capacity to Serve as an Energy-Storing Dielectric in Electrolytic Capacitors  
 
ii. Anodic Formation of Titanium-Zirconium Oxide on Ti-Zr Alloy and Evaluation of 
its  Capacity to Serve as an Energy-Storing Dielectric in Electrolytic Capacitors 
 
iii. Synthesis of Open-Porous Ti-Zr Alloy and Evaluation of its Suitability as  Surface-
Enhanced Capacitor Anode 
 
 
 
 
 2 
 
1.1 Introduction to Capacitors, Anodic Oxide Synthesis and 
Electrochemical Evaluation Methods 
 
A capacitor is an energy storage device that uses a dielectric to accumulate 
electric charges on electrodes. It is useful for many engineering applications requiring 
energy storage and power-conditioning, such as in power electronics circuits. Of the 
various capacitor types the electrolytic capacitors have the highest energy density. To 
enable the trends of miniaturization of electronic products capacitors with higher 
energy density are desired. Such electrolytic capacitors with dielectric films that have 
high electric field strength, high permittivity and reliability against rapid self-
discharge and electrical breakdown can serve this purpose. Surface-enhanced anodes 
are desired that enable a large volume fraction of energy-storing dielectric in a 
capacitor. 
Since a “Leyden jar”—a prototype of capacitor—was invented by Dutch 
physicist Pieter van Musschenbroek in the mid 18th century, the capacitor has 
developed rapidly as effective “energy storage” [1]. The original idea of the Leyden 
jar that stores electrostatic energy between two metal electrodes separated by glass jar 
has been advanced to the system that uses various kinds of dielectric media in order 
to raise the capacity of electric charge storing. Owing to frequency dependence in 
alternating current (AC) circuits, a capacitor can serve diverse functions in circuits, 
such as filtering, blocking, ac-dc separation, and coupling-decoupling [2] [3]. 
 3 
 
Capacitor is essential in electrical power management. An example of this is in 
portable devices. Here, capacitors are used for circuit components, energy storage and 
signal power [3]. Dielectrics with small thickness, high permittivity, high field 
strength and low leakage current are the key components of capacitors.  
Capacitors with diverse dielectrics are used commercially. They are often named 
for their dielectric media; for instance, vacuum capacitors, mica capacitors, paper film 
capacitors, ceramic capacitors, etc. Electrolytic capacitors are named for their 
construction in which an electrolyte is used on the cathode-side of the capacitor’s 
dielectric to enable anodic self-repair. Table 1-1 shows various capacitor types and 
their applications.  
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Table 1-1. Types of capacitors and their applications [2] [3] [4] [5] [6] [7] [8] [9] 
Capacitor Types Dielectric 
Relative 
Permittivity
@ 1kHz 
Capacitance 
Range 
Typical 
Dielectric 
Loss 
Main 
Applications 
Vacuum 
Capacitors 
vacuum 1   
high power RF 
transmitter 
Paper 
Capacitors 
paper 1.2-2.6  1%  
Mica 
Capacitors 
mica 5-7 
1 pF 
~100 nF 
0.1%  
Glass 
Capacitors 
glass 5-10 
1 pF 
~10 μF 0.1-3%  
Multi-Layer 
Ceramic 
Capacitors 
ceramics  
1 pF 
~100 μF 1-3% electronics use
Polymer Film 
Capacitors 
polymers 
(PP, PET, 
PEN, etc.) 
2.2-3.0 
100 pF 
~33 nF 
0.1-2% 
electronics use, 
electric power 
source 
Aluminum  
Electrolytic 
Capacitors 
Al2O3  
0.5 μF 
~10 μF 2% 
electronics use, 
high frequency 
circuit use, 
power supply 
Tantalum  
Electrolytic 
Capacitors 
Ta2O5  
0.01 μF 
~1000 μF 6% 
electronics use, 
telephone 
exchange,  
AC motors 
Supercapacitors
Helmholtz 
Double 
Layer 
- ~3×106 μF - 
memory back-
up, electric and 
hybrid vehicles, 
portable power 
supplies 
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Energy is stored entirely in the dielectric of a capacitor. To maximize energy 
density, i.e., the energy stored per capacitor volume implies that one should maximize 
the volume fraction of dielectric in a capacitor.  The energy density of a dielectric is 
determined by (½ ε0εrE2) i.e., the product of permittivity of vacuum (8.845 × 10-12 
Fm-1), relative permittivity and the square of the electric field strength E. To 
maximize the dielectric’s energy density the values of ε and E should be high. Metals 
with anodically formed oxide films that exhibit reasonably high values of these 
properties are used as anodes in electrolytic capacitors. Tantalum with anodic 
pentoxide (Ta/Ta2O5) film forms the most energy-dense commercial capacitor anodes 
[3] [10]. Similarly, anodic niobium oxide on niobium and aluminum oxide on 
aluminum form useful anodes. They work because their anodic oxides form stable 
passive dielectric layers with reasonably high ε and E values [10] [11] [12]. A study 
by Badawy et al. showed Ta-oxide layer to exhibits nearly ideal capacitive behavior, 
that is, the phase angle between current and voltage was close to 90˚ in 
electrochemical impedance spectroscopy [13]. Tantalum pentoxide was found to be 
more stable than niobium pentoxide [14] and titanium dioxide [15].          
Capacitors with high volume fraction of dielectric can be made from surface-
enhanced tantalum anodes that are fabricated from dendritic tantalum sponge particles 
[16] [17]. When anodized, these surface-enhanced Ta/Ta2O5 anodes form the basis for 
industrially used tantalum electrolytic capacitors [18] [19]. However, because 
tantalum is a relatively rare element with only 2×10-4 wt.% in the Earth’s crust [20], 
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such capacitors are rather costly. The price of commercial-purity (99.8%) Ta is more 
than $400/kg [21], and when made as surface-enhanced capacitor-grade material its 
price more than doubles. The prices for capacitor-grade tantalum sponge have 
fluctuated around the $1,000/kg market during the last decade. It is of interest to find 
a lower-cost material, e.g., Ti. 
Titanium is a ‘valve-metal’ that forms a thin passive oxide layer on its surface. It 
is attractive for the anode of an electrolytic capacitor, because TiO2’s dielectric 
constant value is higher than those of most other metal oxides used for the electrolytic 
capacitors, such as Nb2O5 or Al2O3 [4] [5]. If one considers energy per unit mass, then 
the titanium dioxide is additionally competitive because its density (3.78 g/cm3 of 
anatase and 4.23 g/cm3 of rutile) is significantly lower than the 8.18 g/cm3 of Ta2O5. 
Another factor in the energy density consideration is the dielectric strength E of 
titanium dioxide. It is comparable to or may be slightly higher than that of tantalum 
pentoxide dielectric. The value for TiO2 ≈ 0.75 V/nm compared to 0.7 V/nm of Ta2O5 
[22] [23]. These high electric field strengths are only obtained on defect-free 
dielectrics. A relatively defect-free anodic TiO2 oxide films could sustain a high 
electric field, comparable to anodic Ta2O5 oxide films. Despite these characteristics 
for being a potential dielectric medium of an electrolytic capacitor TiO2 has 
weaknesses, namely intermediate states within the band gap caused by lattice defects 
or impurities; these enable electron hopping between valence band, the intermediate 
states and the conduction band. The titanium oxide film then behaves as a 
semiconductor and exhibits thermally activated leakage current when lattice defects 
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in the oxide create intermediate states in its band gap [5]. It is then a poor insulator, 
and allows electrons to flow through the oxide layer and cause self-discharge of a 
capacitor. This is called “direct leakage current (DCL)”. It leads to self-discharge, 
instability, and short lifetime of a capacitor. Owing to defects in the oxide structure 
causing electronic state within the band gap, a poly-crystalline anodic titanium oxide 
layer shows relatively high value of leakage current compared to other metal oxides 
such as Ta2O5 and Al2O3 used in electrolytic capacitors [22] [23]. 
In order to reduce its leakage current, we consider alloying titanium with 
zirconium and by anodizing form a mixed-oxide dielectric. Zirconium is transition 
metal with similar chemical-physical properties to titanium. Zirconium itself is also 
able to form a protective passive oxide layer and shows a relatively high value of 
permittivity [4] [5]. It is reported that Zr can hinder the formation of crystalline oxide 
on the Ti-Zr alloy and form a more stable amorphous oxide layer on the Ti-Zr alloy 
[24] [25] with reduced leakage current. 
Prescribing a large specific surface area is a way to increase the capacitance of 
an electrolytic capacitor. Most anodes of electrolytic capacitors have a ‘porous sponge 
structure’ to increase their area to accumulate electric charges. Sintering is a 
frequently used process to fabricate porous anodes for the electrolytic capacitors. For 
titanium a calcio- or magnesiothermic reduction process of titanium compounds 
(usually TiCl4) could be used for the synthesis of the metal as well as of a porous 
metallic sponge. The Kroll process for reduction of TiCl4 with Mg or Ca is a potential 
method to fabricate porous anodes. One of the objectives of the present work is to 
 8 
 
synthesize porous Ti-Zr alloy anodes by a similar reduction method. Then a surface 
oxide film is grown on the sponge surface to serve as the dielectric of a capacitor 
 
 
1.2 Electrolytic Capacitors: Theory and Characteristics  
1.2.1 Theory of Operation 
From the time of the Leyden jar, a basic construction of capacitors has not been 
changed much; it basically consists of at least two electrodes that have terminals for 
electrical connection to the circuit and dielectric materials (Figure 1-1-(a)). 
Conductive materials (e.g., metal plates) are used for the electrodes while insulators 
are used for dielectrics, such as mica, metal oxides, ceramics, plastic films, paper and 
even air. The dielectric materials are non-conductive materials. Their purpose is to 
sustain electric field between opposing metal plates. When the capacitor is connected 
to an electrical circuit and a voltage is applied, it develops an electric field across the 
dielectric and induces negative and positive charges on opposite metal plates (Figure 
1-1-(b)). Dipole moments are formed in the molecules of the medium, aligning the 
positive charges along the electric field and the negative charges against it. This is 
called dielectric polarization. It creates an opposite electric field and for a given 
applied electric field it decreases the localized electric field inside the dielectric. 
Electrical energy is stored in the form of positive and negative charges held apart by 
the dielectric against the attraction forces provided by the applied electric field. 
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(Figure 1-1 (c)). A good insulator should be used for the dielectric to prevent the 
recombination of the electrical charges through the dielectric, i.e., to prevent leakage 
current. Recombination of the electrical charges is allowed only through the ‘load’ of 
an external circuit when the stored energy is to be harvested. 
 
 
1.2.2 Characteristics of Capacitor  
1.2.2.1 Capacitance and Relative Permittivity 
Figure 1-1-(a) shows a capacitor with parallel, equal-sized conductive metal 
plates separated by a dielectric medium (figure 1-1-(a)). Assume that it is an ideal 
capacitor which can store and release electrical energy with no dissipation, and 
behaves like a perfect insulator. Polarization P is in proportion to the electric field 
strength, E. 
 
ࡼ ൌ ߝ଴߯௘ࡱ (1-1)
 
The polarization P is defined as the dipole moment per unit volume. χe is called 
the electric susceptibility, and is a second-rank tensor. ε0 is the permittivity of vacuum, 
8.845 × 10-12 Fm-1. The electric susceptibility represents how readily the dielectric is 
polarized by an externally applied electric field. The electric displacement, D, in the 
linear dielectric is,  
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ࡰ ൌ ߝ଴ࡱ ൅ ࡼ ൌ ߝ଴ࡱ ൅ ߝ଴߯௘ࡱ ൌ ߝࡱ (1-2)
 
 
 
Figure 1-1. Schematic diagrams of simple capacitor, (a) construction of 
separated electrodes, (b) under applied electric field, (c) under an 
applied field mitigated by a dielectric 
 
 
 
ε is the permittivity of a material.  
 
ߝ ൌ ߝ଴ሺ1 ൅ ߯௘ሻ (1-3)
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The electric displacement, D, is a vector field in the dielectric, and is also called 
total electric flux density. Its magnitude is equal to the total charge density on the 
metal plates, σT, 
 
|ࡰ| ൌ ߪ் ൌ ߝࡱ (1-4)
 
which leads to 
 
ߪ் ൌ ߝࡱ ൌ ݍܣ ൌ ߝ
ܸ
݀ (1-5)
 
q is electric charge, A is surface area of the plates, d is distance and V is potential 
difference between the two plates. The potential difference between the plates is a line 
integral of E on a path from positive plate to negative plate. The amount of electrical 
charge that is held on the plate is proportional to the applied voltage, V. The 
capacitance, C, of the capacitor is,  
 
ܥ ൌ ݍܸ (1-6)
 
Assume that the linear dielectric is used as the medium of capacitor. Comparing 
two equations above,  
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ܥ ൌ ݍܸ ൌ
ߝܣ
݀  (1-7)
 
εr is the relative permittivity of the dielectric material. It is the ratio of the 
permittivity of the dielectric to that of vacuum, ε0. The absolute permittivity, ε is often 
represented by the product (εr ε0). With equation 1-3, it can be described as, 
 
ߝ ൌ ߝ଴ߝ୰ ൌ ߝ଴ሺ1 ൅ ߯௘ሻ (1-8)
 
Therefore, the capacitance of the capacitor is, 
 
ܥ ൌ ߝ଴ߝ୰ܣ݀  (1-9)
 
 
1.2.2.2 Energy Density and Power Density 
Uc, defines the total amount of energy stored on a capacitor. It is described below.  
     
௖ܷ ൌ න ܸdݍ ൌ න ݍܥ
ொ
଴
ொ
଴
dݍ ൌ 12
ܳଶ
ܥ ൌ
1
2 ܥܸ
ଶ ൌ 12 ܸ
ଶ · ൬ߝ଴ߝ୰ܣ݀ ൰ (1-10)
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Energy density can either be stated as the amount of storable energy per unit 
volume (J/L) or per unit mass (J/kg) of the dielectric or of the packaged capacitor. 
݁݊݁ݎ݃ݕ ݀݁݊ݏ݅ݐݕ ൌ ቀ
1
2 ܥܸଶቁ
ݒ݋݈ݑ݉݁ ሾJ/Lሿ 
(1-11)
 
or 
 
ݏ݌݂݁ܿ݅݅ܿ ݁݊݁ݎ݃ݕ ൌ ቀ
1
2 ܥܸଶቁ
݉ܽݏݏ ሾJ/kgሿ 
(1-12)
 
The power of the capacitor can be described by, 
 
௖ܲ ൌ d ௖ܷdݐ ൌ
d
dݐ ൬
1
2 ܥܸ
ଶ൰ ൌ ܥܸሺݐሻ dܸdݐ  (1-13)
 
 
1.2.3 Non-Ideal Behavior of Capacitor  
1.2.3.1 Equivalent Series Resistance(ESR) 
A practical capacitor in an electric circuit does not act as an ideal component as 
it suffers energy loss during discharge through an external circuit. The loss is caused 
by the circuit’s resistance and is called equivalent series resistance (ESR). It is the 
sum of in-phase resistance caused from the capacitor’s components i.e., the 
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electrolyte, the electrodes, and their interfaces. In a circuit operating with alternating 
current (AC), charging and discharging the capacitor with a specified frequency, the 
ESR can be measured. A circuit representation of a practical capacitor is shown in 
figure 1-2. It depicts the series combination of an ideal capacitor and a resistor 
representing the ESR. 
 
 
 
Figure 1-2. Equivalent circuit model of a practical capacitor; a series connection of an 
ideal capacitor, Cideal, and equivalent series resistance, RESR 
 
 
The impedance of a practical capacitor at an arbitrary frequency is, 
 
ܼ ൌ ܴ ൅ 1݆߱ܥ ൌ ܼ୰ୣ ൅ ܼ୧୫ ൌ ܼ
′ ൅ ܼ′′′ (1-14)
 
where, Z is impedance of a practical capacitor, and ω is an angular frequency. Zre 
and Zim (or Z' and Z'') represent the real and the imaginary part of AC impedance. The 
ESR is defined as the real part of the impedance, which causes ‘energy loss’ whereas 
the imaginary part of the impedance means ‘energy stored’. 
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ܧܴܵ ൌ ܼ୰ୣ ൌ ܼ′ ൌ ܴESR (1-15)
 
Since the ESR represents non-ideality of the capacitor, that is, ‘energy loss’ by 
its definition, it is definitely related to other non-ideal characteristics of the practical 
capacitor, such as self-discharge time and, particularly, dielectric loss.  
 
 
1.2.3.2 Leakage Current through Dielectric 
The dielectric of the ideal capacitor is an ideal insulator. In actuality a small 
current can flow through the dielectric. It is called ‘leakage current’. It is caused by 
imperfections of dielectrics, such as impurities and grain boundaries [26], which 
introduce intermediate energy states into the band gap of the dielectric. These enable 
electrons to channel from the valence to the conduction band with a greatly reduced 
activation energy, e.g., significantly smaller than 3eV.  The value of kT at room 
temperature (approximately 0.025eV) may then suffice to activate the occurrence of 
leakage current. When defects are present with a distribution and number density 
enabling transverse (semi)-conductive paths through the dielectric film localized 
leakage current is likely. Tunneling is also reported to be one of the reason of leakage 
current in a metal oxide dielectric film that behaves like a semiconductor rather than a 
perfect insulator.  
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Leakage current can be estimated by following equation, measuring the voltage 
decrease under open circuit potential (OCP) during self-discharging of a charged 
capacitor [27].  
 
ܫ୪ୣୟ୩ ൌ ܥ dܸdݐ  (1-16)
 
where Ileak is the leakage current, C is capacitance of the given capacitor, V is 
potential and t is time measuring potential drop under OCP. The measured voltage 
drop (dV/dt) can be fitted by software. It can be measured by potentiostatic 
polarization technique; for example, at a specific voltage the leakage current is 
measured over time, e.g., after 3 or 5 minutes. Leakage current is activated by 
temperature (kT, where k is Boltzmann’s constant). For electrolytic capacitors with 
liquid electrolyte it is usually measured at room temperature and up to the boiling 
point of the electrolyte. In this research, the potentiostatic polarization technique was 
used at room temperature to investigate leakage current through anodic oxide films. It 
can provide electrochemical information of the anodic thin oxide layer of the anode.  
 
 
1.2.3.3 Self-Discharge Time 
During self-discharge the stored charge and voltage of the capacitor drop 
exponentially with time. One wants this time to be long. The time to drop to 1/e of the 
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initial value is obtained from the RC time constant. Here, the resistance R is that 
across the dielectric. The value of C is measured with an LCR meter. Another 
discharge time refers to the time a capacitor can be discharged intentionally to harvest 
its energy.  Here the RC-time constant is controlled by the ESR resistance of the 
capacitor and the additional resistance of a load. An additional resistance component 
from inductive impedance may be added. For high-power or high-frequency use one 
wants this time to be short. 
 
 
 
1.2.3.4 Dielectric Loss Tangent  
Energy loss of a practical dielectric can be quantified in terms of dielectric loss 
tangent, tan δ, which is closely associated with the ESR. It is also termed the 
dissipation factor, DF, and defined as a ratio (occasionally expressed as a percentage) 
of energy loss to energy stored. It is described by the loss angle, δ, in the complex 
impedance plane (figure 1-3). 
 
߬ ൌ ܴESR · ܥ (1-17)
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Figure 1-3. Phase angle and loss angle plotted in the complex impedance plane 
 
 
Due to its frequency dependency, the relative permittivity can be described as 
complex permittivity, ߝ୰כ, with real (ߝ୰′ ) and imaginary (ߝ୰") components.  
 
ߝ୰כ ൌ ߝ୰′ െ ݆ߝ୰′′ (1-18)
 
and it shows a relation with complex impedance, ܼכ, 
ܼכ ൌ ܼ′ ൅ ݆ܼ′′ ൌ 1݆߱ܥ଴ߝ୰כ (1-19)
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where ߱ is angular frequency (߱ ൌ 2ߨ݂) and ܥ଴ is geometrical capacitance 
with vacuum (ܥ଴ ൌ ߝ଴ܣ/݀) [28]. From above equations, Z' and Z'' can be derived,   
 
ܼ′ ൌ ߝ୰
′′
߱ܥ଴ሺߝ୰′ ଶ ൅ ߝ୰′′ଶሻ
 (1-20)
ܼ′′ ൌ െߝ୰
′
߱ܥ଴ሺߝ୰′ ଶ ൅ ߝ୰′′ଶሻ
 (1-21)
 
Conclusively, the loss tangent can be described as follows [29] [30] [31] [32] [33] 
[34]; 
tan ߜ ൌ ߝ୰
′′
ߝ୰′ ൌ െ
ܼ′
ܼ′′ (1-22)
 
thus, 
  
ߜ ൌ ܽݎܿ ݐܽ݊ ൬െ ܼ′ܼ"൰ ൌ 90 െ ܽݎܿ ݐܽ݊ ൬െ
ܼ"
ܼ′൰ ൌ 90 െ ߶ (1-23)
 
 
By definition, the tangent of phase angle, Φ, equals the ratio of -Z″ to Z′. When 
the phase angle approaches to 90˚, the dielectric exhibits low energy loss. Using the 
electrochemical impedance spectroscopy (EIS) technique, the phase angle of the 
 20 
 
dielectric can be plotted with range of frequency (Bode plot). Also, the dielectric loss 
tangent can be measured by LCR meter.  
 
 
1.3 Anodization for Oxide Film Growth and Electrochemical 
Analysis Methods  
1.3.1 Potentiostatic Polarization 
‘Potentiostatic’ consists of two words, ‘potentio-’ and ‘static’ that mean 
[potential] and [constant]. Potentiostatic polarization is an electrochemical method to 
apply a constant DC potential to electrodes in a cell. The anode is polarized, and 
oxidation occurs on its surface. The current density can be measured, and the amount 
of cations that participate in the oxidation reactions to form the thin oxide film can be 
estimated. It is useful to characterize corrosion/electrochemical behavior of metal 
surface and the formation of a passive oxide layer during ‘anodization’.  
Figure 1-4 shows a schematic diagram for anodization and for measurement of 
leakage current in the present research. A conventional electrochemical cell with two 
electrodes is used to anodize the anode material. Current and voltage are recorded in 
real time by a computer. In the present research potentiostatic polarization was carried 
out to form anodic oxide layers. The current during anodization was measured in-situ. 
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Figure 1-4. Setup for anodization and electrochemical analyses. 
 
 
Figure 1-5 shows a schematic graph of the potentiostatic polarization at fixed 
voltage. During the initial few seconds, the voltage increases at a constant applied 
current. When the voltage reaches the maximum pre-set level, it is maintained at the 
constant preset value. When the dielectric film is fully formed, it develops an 
opposing field and then the current drops. For an ideal dielectric of infinite resistance 
the current should drop to zero. During the formation of a real dielectric an 
incompletely-passive oxide layer is formed; upon reaching its full thickness the 
current decreases rapidly (exponentially) with time and levels out at a finite value; it 
is the “leakage current”. 
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Figure 1-5. Plot of anodizing current with time; the growth of an oxide film of certain 
thickness to balance the applied electric field is represented by potentiostatic 
polarization as a function of time 
 
 
1.3.2 Potentiodynamic Polarization 
During potentiodynamic anodic polarization the applied potential is gradually 
increased and the current is measured. The current is plotted as a function of applied 
potential on the potential-current plane. The measured contains the electrochemical 
information on the anodic reaction. It shows whether the specimen corrodes, or forms 
a passive oxide layer [35].  
Figure 1-6 shows a schematic diagram of potentiodynamic anodic polarization 
for an exemplar metal forming a passive oxide layer. The potential scan starts from 
the open circuit potential (OCP, at the point A in figure 1-6). The open circuit 
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potential, also referred to as the equilibrium or corrosion potential, is a voltage at 
which anode and cathode are in equilibrium. Corrosion current between anode and 
cathode is minimized; it is the passive region. 
In most electrochemical tests, the OCP is measured first. As the anodic potential 
increases, the metal dissolution occurs on the anode surface (Reaction 1-a).  
 
M ՜ M௔ା ൅ ܽeି (1-a)
 
M is a metal that is anodized in an aqueous solution (the solution). a is an 
oxidation number.  
 
 
 
Figure 1-6. Diagram of potentiodynamic anodic polarization measurement 
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At the inflection point B, metal ions are oxidized and start forming a thin oxide 
layer. The potential at point B is called the ‘primary passive potential’, Epp, and the 
associated current is called the ‘critical current’, icrit. They indicate the starting 
condition for passivation. If the oxide layer is passive, and sufficiently resistive to 
restrain migration of metal ions and penetration of oxygen ions, it acts as an insulator. 
The current density remains at a low constant level with further potential increases. 
The more resistive the oxide layer, the lower is the constant passive current density, 
ipass. The general reaction is, 
 
ܽM ൅ ܾHଶO ՜ M௔O௕ ൅ 2ܾHା ൅ 2ܾeି (1-b)
 
At the point C, the transpassive region begins. Oxygen evolution now occurs on 
the anode surface.  
 
HଶOሺ݈ሻ ՜ Oଶሺ݃ሻ ൅ 4Hାሺܽݍሻ ൅ 4eି (1-c)
 
The standard oxygen reduction potential in an aqueous solution is 1.229 VSHE 
(standard hydrogen electrode) when pH = 0 [35]. The value varies with pH described 
by the Nernst equation. 
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ܧO/OHశ ൌ 1.229 െ 0.0594 log
1
݌ሺOଶሻሾHାሿସ (1-24)
 
p(O2) is the partial pressure of oxygen. It is 1 atm in the standard state. If the pH 
value for a given solution is known, one can calculate the oxygen reduction potential 
at which water dissociates, and oxygen gas is generated on the anode surface. The 
current density in the transpassive region at which oxygen evolution occurs can 
determine the extent of passivity of the oxide layer.  
 
 
1.3.3 Estimation of the Thickness of Anodic Oxide Layer using Faraday’s Law of 
Electrolysis 
According to M. Faraday, the amount of reacted metal ions at the anode is 
proportional to the electric charge that flows from the anode into the cathode. Since 
we can measure the electric charges (= current × time) in the oxidation reaction, it is 
possible to calculate the amount of reacted metal. The reaction is [35]; 
 
݉ ൌ ൬ܳܨ൰ ൬
ܣ୰
ݖ ൰ (1-25)
 
where m is mass reacted (grams), Q is total electric charge (coulomb/mole), F is 
Faraday’s constant (96,485 coulomb/mole), Ar is the atomic weight (or relative atomic 
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mass, grams), and z is the number of moles of electrons required to oxidize the 
element in the oxidation process (mole). Ar/z is an equivalents weight, EW, i.e., the 
mass of metal (in gram) that is oxidized by the passage of one mole of electrons.  
For alloys the equivalent weight is more complex. Assuming that there is no 
selective oxidation of an alloy, and every component of the given alloy equally 
participates in the oxidation process. Also the oxidation process forms a 
homogeneous and uniform oxide layer on the alloy surface. The total number of 
equivalents, NEQ, is determined by sum of the fractions of equivalents of the alloy 
elements.  
 
EܰQ ൌ ෍ ݖ୧ ୧݂ܣ୰,୧
 (1-26)
 
zi represents the valence of the ith element of the alloy, and fi is the mass fraction 
of the ith element. Ar,i is the atomic weight of the ith element in the alloy. The 
equivalent weight of an alloy, EWalloy, is the reciprocal of the NEQ [36], 
 
ܧ ୟܹ୪୪୭୷ ൌ 1EܰQ ൌ
1
∑ ݖ୧ ୧݂
୧ܹ
 (1-27)
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Assuming that the metal ions fully contribute to form a uniform oxide layer, the 
total amount of dissolved metal ions can be estimated from the volume of the formed 
oxide. Thus,  
 
݉ ൌ ߩܣ݀ ൌ ൬ܳܨ൰ ܧܹ (1-28)
 
where, ρ is density of the oxide, A is area that oxide layer formed and d is 
thickness of the layer. With Q/A as the charge density,  
 
ߩ݀ ൌ ݍ ൬1ܨ൰ ܧܹ (1-29)
 
The total electric charge can be calculated by integration of the product of current iox 
and time t.  
 
ݍ ൌ න ݅୭୶dݐ
௧
଴
 (1-30)
 
where, iox is the Faraday current density that converts Ti-atoms into Ti4+ cations 
that forms the oxide film a given surface area during anodizing. The charge q 
determines how many cations are formed on a given area and determines how thick 
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the oxide layer will be. If one considers that the growth and final thickness of the 
anodic oxide is proportional to the number of electrical charges that have generated 
cations (e.q. Ti4+) and have combined them with anions (e.q. 2O2-), one can estimate 
the final thickness of anodic oxide layer as [35], 
 
݀ ൌ ൬ 1ߩܨ൰ ܧܹ න ݅୭୶dݐ
௧
଴
 (1-31)
  
Hence, with equation 1-31 and the current density measured during 
potentiostatic polarization, one can estimate the thickness of the oxide layer on pure 
titanium or on a Ti-Zr alloy.  
 
 
1.3.4 Electrochemical Impedance Spectroscopy (EIS) 
Electrochemical impedance spectroscopy (EIS) is a sensitive analysis methods 
using AC signal to evaluate the electrochemical behavior of a dielectric medium. 
Since it was suggested by O. Heaviside in the late 19th century [37], it has been used 
to study of a great variety of electrochemical reactions, including corrosion, batteries, 
corrosion inhibitors, biomaterials, fuel cells as well as electrolytic and 
electrochemical capacitors [38] [39] [40]. 
While other electrochemical testing method uses DC potential/current as input 
signals, EIS is based on the acquisition of measured-current response to a sinusoidal 
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perturbation with small amplitude and variable frequency on top of a dc bias voltage. EIS 
results can be plotted in the form of Nyquist, Cole-Cole (similar to Nyquist plot) and/or 
Bode plots. They are analyzed by fitting the recorded spectra to an equivalent circuit 
model using software. Through fitting analyses, the electrochemical behavior of the metal 
surface or the anodic thin oxide layer can be described by an “equivalence model” that 
consists of electronic components (capacitors, resistors, inductors) and electrochemical 
elements (such as Warburg impedance elements, constant phase elements). From the 
components of the equivalent circuit models, values of film resistance and capacitance 
can be estimated. Electrochemical impedance, modulus, and even dielectric loss tangent 
can be obtained from EIS analysis. EIS is sensitive, non-destructive and a highly 
informative method for analysis of frequency-dependent properties of oxide films [38] 
[39] [40].  
 
 
Figure 1-7. Sinusoidal waveforms of potential V(t) and current I(t) 
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1.3.4.1 Time Dependent Current Response for Sinusoidal Alternating Potential Input 
The term of impedance in alternating current (AC) circuit plays a similar role to 
resistance in direct current (DC) circuit; In the AC circuit, both potential and current 
show time-dependent sinusoidal signals as shown in figure 1-7. Taking account of 
potential V(t) and resistance R, Ohm’s Law can be applied to obtain the current (I) in 
an AC circuit.  
 
ܸሺݐሻ ൌ ܫሺݐሻܴ (1-32)
 
For a series circuit with a resistance R and capacitance C, the total potential drop 
is obtained by summation of the potential drops in each component. The time 
dependence of voltage in a capacitor-containing circuit can be expressed as [41], 
 
ܸሺݐሻ ൌ ܫሺݐሻܴ ൅ ݍሺݐሻܥ ൌ ܫሺݐሻܴ ൅
1
ܥ න ܫሺݐሻdݐ
௧
଴
 (1-33)
 
In order to solve complicated integral-differential equations, Heaviside 
suggested using a Laplace transform to convert them into algebraic equations [37]. It 
transforms the time-dependent function of f(t) to a new frequency-dependent function, 
F(s), the Laplace transform. By the inverse Laplace transform the frequency (s) 
domain function can be returned to the time domain function. Heaviside’s suggestion 
was criticized when he first suggested the process [42]. However, today the Laplace 
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transform is widely used in circuit analysis for electrical engineering. 
Let f(t) be a function defined on [0, ∞). Using Laplace transform; 
 
ࣦሾ݂ሺݐሻሿ ൌ ܨሺݏሻ ൌ න ݁ି௦௧݂ሺݐሻdݐ
∞
଴
 (1-34)
and,  
ࣦ ቈන ܫሺݐሻdݐ
௧
଴
቉ ൌ ܫሺݏሻݏ  (1-35)
 
where s is complex frequency (or Laplace frequency [37]). Thus, from the 
Laplace transform, the following equations about potential V(s) and current I(s) are 
obtained. 
 
ܸሺݏሻ ൌ ܫሺݏሻܴ ൅ 1ܥ ·
ܫሺݏሻ
ݏ ൌ ܫሺݏሻ ൬ܴ ൅
1
ݏܥ൰ (1-36)
 
ܫሺݏሻ ൌ ܸሺݏሻ
ቀܴ ൅ 1ݏܥቁ
 (1-37)
 
From the definition of the capacitance above, impedance equals to a ratio 
between potential and current. Therefore [41] [40], 
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ܼሺݏሻ ൌ ܸሺݏሻܫሺݏሻ ൌ ܴ ൅
1
ݏܥ (1-38)
 
The SI unit of the impedance is Ohm [Ω]. In the EIS the applied input signal 
shows time-dependent sinusoidal waveform that was explained in Figure 1-7. Thus, it 
is able to be described by 
 
ܸሺݐሻ ൌ ଴ܸ sinሺ߱ݐሻ (1-39)
 
where V0 means maximum amplitude. ω is the angular frequency of the 
sinusoidal waveform in radians/second (unit of s-1), which is,  
 
߱ ൌ 2ߨ݂ (1-40)
 
f is AC signal frequency. Thus, the period of AC cycle is described as follows 
 
݌݁ݎ݅݋݀ ൌ 1݂ ൌ
2ߨ
߱  (1-41)
 
Using the Laplace transform of the sine function, 
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ࣦሾsinሺ߱ݐሻሿ ൌ ߱ሺݏଶ ൅ ߱ଶሻ (1-42)
 
equation 1-37 can be rewritten with equation 1-39 as follows  
 
ܫሺݏሻ ൌ ଴ܸ
ቀܴ ൅ 1ܥݏቁ
· sinሺ߱ݐሻ ൌ ଴ܸ
ቀܴ ൅ 1ܥݏቁ
· ߱ሺݏଶ ൅ ߱ଶሻ (1-43)
 
which can be rearranged,  
 
ܫሺݏሻ ൌ ଴ܸ
ܴ ቆ1 ൅ ቀ 1ݏܴܥቁቇ
ቀ ߱ݏଶ ൅ ߱ଶቁ ൌ
଴ܸ
ܴ ቀ
߱
ݏଶ ൅ ߱ଶቁ
ۉ
ۈ
ۇ 1
1
ݏ ቆݏ ൅ ቀ
1
ܴܥቁቇی
ۋ
ۊ
 
ܫሺݏሻ ൌ ଴ܸܴ ቀ
߱
ݏଶ ൅ ߱ଶቁ ቌ
ݏ
ݏ ൅ ቀ 1ܴܥቁ
ቍ (1-44)
 
ൌ ଴ܸ
ܴ ൤߱ଶ ൅ ቀ 1ܴܥቁ
ଶ
൨ ۏ
ێێ
ێ
ۍ
ቀ ߱ݏଶ ൅ ߱ଶቁ
ۉ
ۈ
ۇ߱ଶ ൅ ݏܴܥ െ
ሺݏଶ ൅ ߱ଶሻ
ܴܥ ቆݏ ൅ ቀ 1ܴܥቁቇی
ۋ
ۊ
ے
ۑۑ
ۑ
ې
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ൌ ଴ܸ
ܴ ൤߱ଶ ൅ ቀ 1ܴܥቁ
ଶ
൨ ۏ
ێێ
ێ
ۍ
߱ଶ ቀ ߱ݏଶ ൅ ߱ଶቁ ൅
߱
ܴܥ ቀ
ݏ
ݏଶ ൅ ߱ଶቁ
െ ቀ ܴ߱ܥቁ
ۉ
ۈ
ۇ 1
ቆݏ ൅ ቀ 1ܴܥቁቇی
ۋ
ۊ
ے
ۑۑ
ۑ
ې
 
 
taking the inverse Laplace transform, ࣦሾsinሺ߱ݐሻሿ ൌ ሾ߱/ሺݏଶ ൅ ߱ଶሻሿ, 
 
ܫሺݐሻ ൌ ଴ܸ
ܴ ൤߱ଶ ൅ ቀ 1ܴܥቁ
ଶ
൨
൤߱ଶ sinሺ߱ݐሻ ൅ ܴ߱ܥ cosሺ߱ݐሻ
െ ቀ ܴ߱ܥቁ ݁ݔ݌ ൬െ
ݐ
ሺܴܥሻ൰൨ 
(1-45)
 
The third term in the above equation is zero since it is related to a transitory 
response of the AC signal. Thus, it would be re-arranged, 
 
ܫሺݐሻ ൌ ଴ܸ
ܴ ൤1 ൅ ቀ 1ܴ߱ܥቁ
ଶ
൨
൤sinሺ߱ݐሻ ൅ 1ܴ߱ܥ cosሺ߱ݐሻ൨ (1-46)
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By introducing tan Φ = 1/ωRC, above equation is described as below. 
 
ܫሺݐሻ ൌ ଴ܸ
ܴ ൤1 ൅ ቀ 1ܴ߱ܥቁ
ଶ
൨
· ሾsinሺ߱ݐሻ ൅ tan ߶ cosሺ߱ݐሻሿ 
(1-47)
 
It is arranged into simpler form [41]; 
 
ܫሺݐሻ ൌ ଴ܸ
ටܴଶ ൅ 1ሺ߱ܥሻଶ
· sinሺ߱ݐ ൅ ߶ሻ ൌ ଴ܸ|ܼ| sinሺ߱ݐ ൅ ߶ሻ (1-48)
 
where Φ is phase angle between potential V and current I. In the AC circuit, 
there must be phase difference between potential and current by the phase-shifted 
angle Φ. |Z| is length of vector obtained by two perpendicular vectors, R and 1/ωC. It 
can be represented with potential input, V0, and current response I0,  
 
|ܼ| ൌ ଴ܸܫ଴  (1-49)
 
Therefore, the time-dependent current response, I(t), in figure 1-7 can be derived 
from equation 1-48 and 49, 
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ܫሺݐሻ ൌ ܫ଴ sinሺ߱ݐ ൅ ߶ሻ (1-50)
 
recall equation 1-39, the sinusoidal alternating potential input, V(t) is, 
 
ܸሺݐሻ ൌ ଴ܸ sinሺ߱ݐሻ (1-39)
 
 
1.3.4.2 Impedance of Electrical Circuit  
So far, the periodic perturbation of AC current with sinusoidal wave form has 
been expressed with phase angle, Φ, and angular frequency, ω. Now we can approach 
to describe the complex impedance, Z*, using complex notation. 
 
ܼכ ൌ ܼሺ݆߱ሻ ൌ ܸሺݐሻܫሺݐሻ ൌ
଴ܸ sinሺ߱ݐሻ
ܫ଴ sinሺ߱ݐ ൅ ߶ሻ ൌ |ܼ|
sinሺ߱ݐሻ
sinሺ߱ݐ ൅ ߶ሻ (1-51)
 
also, 
 
ܼሺ݆߱ሻ ൌ ܼ′ ൅ ܼ′′ ൌ ܴ ൅ 1݆߱ܥ ൌ ܴ െ ݆
1
߱ܥ (1-52)
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where,  
 
ܴ݈݁ܽ ݌ܽݎݐ ݋݂ ݅݉݌݁݀ܽ݊ܿ݁ ൌ ܼ′ ൌ ܴ (1-53)
݅݉ܽ݃݅݊ܽݎݕ ݌ܽݎݐ ݋݂ ݅݉݌݁݀ܽ݊ܿ݁ ൌ ܼᇱᇱ ൌ 1߱ܥ (1-54)
 
The modulus, |Z|, can be expressed,  
 
|ܼ| ൌ ඥሺܼ′ሻଶ ൅ ሺܼ′′ሻଶ ൌ ඨܴଶ ൅ ൬ 1߱ܥ൰
ଶ
 (1-55)
 
Using Euler’s formula, it can be described by cosine and sine, 
 
ܼሺ݆߱ሻ ൌ |ܼ|݁ݔ݌ሺ݆߶ሻ ൌ |ܼ|ሾܿ݋ݏሺ߶ሻ ൅݆ sinሺ߶ሻሿ (1-56)
 
Impedance complex expressed above equation is illustrated in figure 1-8 with 
Euler’s relation. 
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Figure 1-8. Impedance in the complex plane 
 
 
1.3.4.3 Data Representation of Impedance  
Using the complex plane mentioned above, impedance can be plotted against the 
variable frequency. In this chapter, impedance of basic and common electrical circuits 
that have ideal resistor and capacitor is introduced. Also, the case that electrical 
circuit consists of non-ideal components is also reviewed. 
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1.3.4.3.1 Impedance Data for Ideal capacitor-Electrical Circuits 
Almost all examples in real experimental work on corrosion or other 
electrochemical study cannot be represented by ideal electrical components. However, 
it is worth to know the graphical representation of electrical circuits by ideal 
components. Here is two of very basic graphical example of impedance 
representation; parallel combination (R|C) and series-parallel combination (R-(R|C). 
 
 
1.3.4.3.1.1 Parallel Combination of Ideal Resistor and Capacitor 
Figure 1-8 shows a basic circuit of parallel combination with ideal resistor and 
capacitor. At high frequency, entire current flows through the capacitor where the 
phase angle, Φ, is -90º (tan δ=0). From Kirchhoff’s Law for a parallel circuit, the total 
current in the simple parallel circuit is defined by the sum of currents that flow 
through each electrical component. Thus, it can be described by following equations, 
 
 
ܫሺݐሻ ൌ ܸሺݐሻܴ െ
߱ܥܸሺݐሻ
݆ ൌ ܸሺݐሻ ൤
1
ܴ െ
߱ܥ
݆ ൨ ൌ ܸሺݐሻ
ሺ1 ൅ ሺܴ߱ܥሻଶሻ
ܴ െ ݆ܴ߱ଶܥ  (1-57)
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Figure 1-9. Equivalent circuit of a capacitor 
 
Rearrange above equation as a function of impedance, then we can get, 
 
ܼሺ݆߱ሻ ൌ ܴ1 ൅ ሺܴ߱ܥሻଶ െ ݆
ܴ߱ଶܥ
1 ൅ ሺܴ߱ܥሻଶ (1-58)
 
Impedance can be separately expressed as the part of real and imaginary, thus 
equation 1-53 and 1-54 can be re-expressed as impedance with function of ω. Using 
equation 1-58, 
 
ܼ′ሺ߱ሻ ൌ ܴ1 ൅ ሺܴ߱ܥሻଶ (1-59)
ܼ′′ሺ߱ሻ ൌ ܴ߱
ଶܥ
1 ൅ ሺܴ߱ܥሻଶ (1-60)
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(a) Nyquist plot 
 
(b) Bode plot 
Figure 1-10. Plots of the impedance vector for the R|C circuit 
(a) in a Nyquist plot, and (b) in a Bode plot  
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A Nyquist plot represents EIS results with variable frequency in the complex plane. 
It is one of the most common methods of the graphical representation in EIS analysis. 
The real part of the measured impedance is plotted on the x-axis and the imaginary part 
on the y-axis. The impedance data derived from equation 1-59 and 1-60 can be plotted by 
the Nyquist and Bode plot, and it is shown in figure 1-10. In general, the Nyquist plot 
shows a semi-circle: |Z| = R at ω = 0, and |Z| = 0, at ω → ∞. The Bode plot (figure 1-10-
(b)) is a graphical representation method, which plots modulus of the impedance, |Z|, and 
phase angle, Φ, against frequency. In capacitor research, this plot is useful to investigate 
loss tangent, tan δ, which is calculated from tan (90-Φ) (derived from equation 1-23). 
Thus, via Bode plot, we can estimate the dielectric loss tangent of specific frequency.  
 
 
1.3.4.3.1.2 Series R + parallel R | C circuit 
In the electrochemical cell system, the ion-conductive electrolyte acts as a medium 
to transfer charge between the anode and cathode. Therefore, the resistance of the 
electrolyte must be considered. Assuming that a homogeneous and uniform film is 
formed in the electrolyte on the metal substrate, the equivalent model can be described 
by a parallel combination of a layer resistance, RL, and a layer capacitor, CL, and it also 
includes the solution resistance RS (Figure 1-11).  
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Figure 1-11. Equivalent circuit of RS-(RL|CL) 
 
It is called a “Randles” circuit, which is widely used for analysis of case that has 
an 3D single layer on metal substrate in ion-conductive aqueous solutions. Theoretically, 
the layer in the model could be an electrochemical double layer [38] [40] [41], painting 
or coating with organic materials for corrosion protection [43], and even a natural oxide 
layer [44]. The complex impedance is described as follows, 
 
ܼሺ݆߱ሻ ൌ ܴS ൅ ܴL1 ൅ ሺܴ߱LܥLሻଶ െ ݆
ܴ߱LଶܥL
1 ൅ ሺܴ߱LܥLሻଶ (1-61)
 
That is, the semicircle in Nyquist plot always has additional contribution of the 
resistance RL. Thus, phase angle, Φ, changes, 
 
߶ ൌ ܽݎܿ ݐܽ݊ ൬ܼ"ܼ′൰ ൌ ܽݎܿ ݐܽ݊
ቀܴS2 ቁ
ቀ ܴS2 ൅ ܴLቁ
 (1-62)
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Figure 1-11 shows schematic diagram of both Nyquist and Bode plot for RS-
(RL|CL) circuit [41] [40].  
 
(a) Nyquist plot 
 
(b) Bode plot 
Figure 1-12. Plots of the impedance vector for the RS-(RL|CL) circuit 
(a) Nyquist plot, (b) Bode plot 
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From the Nyquist plot of the Randles circuit, |Z| = RS + RL at ω = 0, and |Z| = RS, 
at ω → ∞. That is to say, we can calculate the solution resistance at high frequency as 
well as the layer resistance at low frequency. In the Bode plot, dielectric loss tangent can 
be estimated from the relation between the phase angle, Φ, and the loss angle, δ. From the 
case of Randles model in the figure 1-12, the plot shows resistive behavior (Φ = 0º and δ 
= 90º) at both high and low frequencies, but partially capacitive behavior at medium 
frequencies. The relation between the phase and loss angle, and non-ideality of the circuit 
elements is discussed in the next chapter and also in the chapter 2 with practical examples. 
 
 
1.3.4.3.2 Impedance Data for Non-Ideal Capacitor-Electrical Circuit Elements 
In the practical electrochemical cell system, most of the capacitors’ behavior 
does not always satisfy the theory of the ideal capacitor. It is influenced by the non-
ideality caused by imperfection or inhomogeneous of the electrochemical response on 
the surface of the electrode. The non-ideality of dielectric is related to the equivalent 
series resistance (ESR) that is mentioned in the above chapter, which represents the 
real part of the impedance. If it is 0, the phase angle, Φ, is -90º, the loss angle, δ, is 0º, 
and the capacitor behaves like the ideal capacitor. On the other hand, large ESR leads 
small phase angle and large loss angle, and thus it has bigger dielectric loss tangent 
(tan δ). It is described by a tilted or depressed arc on the Nyquist plot in figure 1-13. 
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Figure 1-13. Nyquist plot of CPE(Q) | R circuits. 
 
Considering the capacitor’s non-ideality, a special electrochemical component of 
the equivalent circuit model, called constant phase element (CPE), is suggested to 
reflect the practical impedance data on the ideal equivalent model. The coefficient of 
CPE, QCPE, is defined as, 
 
ܼCPE ൌ 1ܳCPEሺ݆߱ሻఈ ൌ
1
ܳCPE߱ఈ ቂܿ݋ݏ ቀ
ߙߨ
2 ቁ െ݆ sin ቀ
ߙߨ
2 ቁቃ (1-63)
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The unit is ohm-1sα. α is the CPE exponent. If the exponent α = 1, then, ESR is 0, 
the phase angle, Φ, is -90º, the loss angle, δ, is 0º, and QCPE equals the ideal capacitor, 
Cideal. If α = 0, then QCPE = R-1, then which means that it would have response of the 
ideal resistor. With value of α=0.5, the electrode shows behavior of semi-infinite 
linear diffusion that is known as a Warburg impedance element in equivalent circuit. 
There is a relation between the CPE exponent, α, and the phase angle, Φ, 
 
ߔ ൌ െα · 90° (1-64)
 
The CPE exponent, α, could be converted to a degree of slant. In the case that 
0.8 < α < 1, an effective equivalent capacitance, Ceff, can be estimated from the 
relation of QCPE, α and imaginary part of impedance, Z″, in the Nyquist plot [45]; 
 
ܥ௘௙௙ ൌ ܳCPEሺ߱௠௔௫ሻߙିଵ (1-65)
 
ωmax is frequency where Z″ is at maximum. However, this equation cannot be 
used in the case of high capacitive film that the maximum peak for the Z″ value 
doesn’t appear in the Bode plot [39] [46]. Brug et al. suggested another method to 
calculate a value of effective capacitance in the R-(R1|C) circuit (Randles circuit) 
model [47]. Its application has been studied by several researchers for various oxide 
layers [48] [49] [50] [51] [52] 
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ܥ௘௙௙ ൌ ܳCPE
ቀଵߙቁ ൬ 1ܴଵ ൅
1
ܴ൰
ቀߙିଵߙ ቁ
 (1-66)
 
Therefore using above equations, we can analyze the Nyquist plot and calculate 
effective equivalent capacitance, Ceff, in the equivalent circuit model for the given 
layer. Also, from the relation between the CPE exponent, α, and phase angle, Φ, 
change of dielectric loss tangent of the layer over frequency can be estimate.  
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Chapter 2  Electrochemical and Dielectric Properties 
of Anodic TiO2 Layer on Pure Titanium Substrate  
 
2.1 Introduction 
Titanium is able to form a self-grown thin oxide on its surface when exposed to 
air or aqueous solutions. It is chemically passive and protects the titanium substrate as 
soon as a nm-oxide film is formed on the surface. It makes Ti or its alloys useful for a 
number of applications including for dental/bio materials [53] [54] [55] [56] [57], 
corrosion protection [58] [59] [60]. In solutions with ionic conductivity, such as 
sulfuric or phosphoric acid, the oxide layer can grow thicker than the initial natural 
(or native) oxide layer by application of an electric field. This is called “anodization”. 
An anodic oxide layer is more useful as a capacitor dielectric than the air-formed film 
because it can sustain higher voltage. It is a candidate for electric energy storages [4] 
[22] [23] [44] [61] . 
One parameter that influences the energy density of a dielectric is its relative 
permittivity εr. It depends on the phase and structure of the TiO2 phase. Its value 
varies from 7 to 160 [4] [5] [62]. The permittivity values for TiO2 polymorphs are 110 
for rutile, 48 for anatase, 78 for brookite [63] and a value of 13.7 has been reported 
for amorphous titania [64]. In comparison to other dielectrics on valve metals, such as 
Ta2O5 (εr =11~27.6), Nb2O5 (εr =41~46) and Al2O3 (εr =7.0~15) [5] [62], most TiO2 
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phases have higher values and should be considered as an alternative dielectric for 
capacitor applications. 
Table 2-1 lists the relative permittivity and band gap energies of various metal 
oxides reported by [4] [5] [62] [65]. In the figure 2-1 the oxide’s band gap energies 
are plotted versus their relative permittivity. An inverse relation between the band gap 
energy and the relative permittivity is observed. That is, oxide with high band gap 
energy often has a relatively low permittivity, while oxide with small band gap energy 
often shows a high relative permittivity.   
 
Table 2-1. Relative permittivity and band gap energy of various metal oxides [4] [5] 
[62] [65]. 
 relative permittivity (εr) band gap energy (eV) 
SiO2 3.8-3.9 9 
Al2O3 7.45-15 7-9.5 
HfO2 14-34 5.1-5.8 
ZrO2 12.3-31 4.6-8 
Ta2O5 11.6-28 4-4.6 
Nb2O5 41-46 3.4-5.3 
TiO2 7-160 
3.2-3.8 
 
anatase 48 
rutile 110 
brookite 78 
amorphous 13.7 
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Figure 2-1. The band gap energies and the relative permittivities  
of various metal oxides [4] [5] [62] [65]. 
 
 
To obtain electric field strength and permittivity in anodic thin oxide film, 
appropriate anodization conditions are needed to generate the dielectrics. Numerous 
studies of the effects of anodizing conditions on morphology, microstructure and 
electrochemical behavior of anodic TiO2 films have been carried out. For example, 
Shibata and Zhu [66] reported nanocrystallites in an amorphous matrix in a 9 V 
anodized TiO2 film. Similar results have also been reported by Marsh and Gorse [67]. In 
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their TEM study, the oxide films were homogeneous as well as amorphous up to 10 V-
anodizing potential. On the other hand, crystallized regions were found after anodizing 
to higher applied potential (84V) although there were still remaining regions of 
amorphous oxide phase. Lee and Pyun found crystallized structure at 20V and at 30V 
while they observed amorphous phase at 5V anodization [68]. Mantzila discussed a 
relation between anodizing potential and structure using results of Raman spectroscopy: 
oxide film formed by anodizing to 65V in H2SO4 solution resulted primarily in anatase 
phase, whereas at potentials below 10V the amorphous phase occurred [65]. According 
to TEM analysis by Mazzarolo et al., diffraction pattern of anodic oxide film formed by 
anodizing at 12V showed sharp rings mixed with broad rings, indicating a 
microstructure of nanocrystals in an amorphous matrix [69]. Jaeggi et al. discussed that 
crystallization occurred in a porous outer region while the inner region of the oxide film 
remained amorphous when 20V was used for anodization in H2SO4 solution [70]. Using 
Atomic Force Microscopy (AFM), Xing et al. observed a porous surface layer that 
consisted of crystallized nodules after 30V anodization [71].  
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Table 2-2. Structures of anodic thin films formed by anodizing at selected voltages 
Authors 
Max. 
Anodization 
Voltage [V] 
Structure Reference
Shibata et al. 9 nanocrystallites in amorphous matrix [66] 
Marsh et al. 84 crystalline structure with small amorphous [67] 
Lee et al. 
5 amorphous 
[68] 
20 crystalline structure 
Mantzila et al. 
10 amorphous 
[65] 
65 anatase 
Mazzarolo et al. 12 nanocrystallites in amorphous matrix [69] 
Jaeggi et al. 20 
crystallized porous outer layer 
dense amorphous inner layer 
[70] 
Xing et al. 30 porous outer region by crystallized nodules [71] 
 
In summary, it appears that nanocrystalline structure is dominant at anodizing 
voltages above about 10V, however other factors may also affect the outcome (phase 
and microstructure) of the final anodic oxide film (Table 2-2). It appears that the 
anatase phase of TiO2 forms mainly at higher anodization voltages. A comprehensive 
understanding of the growth mechanism(s) of titanium oxide film is not yet available, 
especially the time-dependent evolution of the oxide structure is not known. This is 
addressed in the present work by the preparation of thin oxide films by potentiostatic 
anodization. The electrochemical experiments (EIS) were used to comprehend how 
anodic titanium oxide grows as function of time. The oxide film phases, structures 
and morphologies were further characterized by optical and electron-microscopic 
analyses (SEM, TEM). 
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2.2 Experimental Procedure 
2.2.1 Specimen Preparation  
Commercially pure titanium (ASTM CP Grade 2; 99.2% purity, Table 2-3) was 
used as solid anode material. A rod of 2 cm diameter was sliced into several discs of 
0.5 cm thickness. Small copper blocks were attached to back of each disc with 
conducting silver paste (Canemco). Each of discs with attached copper block was 
then mounted in epoxy resin (EpoFix resin, Struers) and cured in air for 24 hours. 
After mounting, a hole with a threaded connection was made through the epoxy resin 
into the copper block to make an electrical connection with the working electrode of 
an electrochemical cell (Figure 2-2-(a)). The free surface of the mounted specimens 
were consecutively polished with 320, 600, 1200, 4000 grit silicon carbide paper, then 
with 3, 1, 0.25μm powder and, finally, with a suspension of 0.05μm of Al2O3 particles 
on a polishing cloth for micro-polishing. Subsequently, chemical polishing was 
carried out using a titanium etching solution of 20:1:1 H2O : HF (49%) : H2O2 (30%) : 
H2O [72] for 10 seconds. The specimens were then cleaned with acetone in an 
ultrasonic bath for 20 minutes and rinsed with ethanol after wet etching. Then, as 
illustrated in Figure 2-2 (a), the periphery of the specimen surface was painted with 
sealant (Silicone Sealant, 3M) but leaving an exposed area of 1×1 cm2. 
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Table 2-3. Chemical composition of CP grade 2 titanium  
CP 
Titanium 
Composition (max. wt.%) 
Ti C Fe H N O 
grade 2 Bal. 0.1 0.3 0.015 0.03 0.25 
 
 
 
 
Figure 2-2. Schematics of specimen and electrochemical anodization system 
(a) of a specimen, (b) of an electrochemical cell containing the specimen 
(c) of a circuit for potentiostatic anodization and measuring current. 
 
 
2.2.2 Anodization of Titanium and Electrochemical Studies of the Anodically 
Formed TiO2 Dielectric 
All electrochemical works in this study—anodization, dielectric/electric 
measurements, and electrochemical tests—were carried out in 1% H3PO4 solution 
(0.17M, 1.42 pH). The solution was used as the electrolyte of Ti-anodization in the 
several former studies with good performance of reducing leakage current [4] [22] 
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[23] [61] [73] [74]. A ‘two-electrodes’ system of working electrode (anode) and 
counter electrode (cathode) was used for anodizing (figure 2-2-(b)); pure titanium 
rods (0.5cm diamter×25cm length) were used for cathodes. (A ‘three-electrodes’ 
system was used for analyzing.) The potentiostatic anodization method was used to 
form anodic oxide film; constant potential was applied to the working electrode 
(anode) by a DC power supply. Current was measured and logged with a digital 
multi-meter (DMM 2000, Keithley) connected to a desktop computer (figure 2-2-(c)). 
Before anodization each titanium specimen was immersed into the anodizing 
electrolyte (1% H3PO4 solution) for two hours to measure the equilibrium potential at 
open circuit in the phosphoric acid solution. A potential of 30V was then applied at 
constant maximum current of 20mA between anode and cathode. Anodizing times of 
9, 90, 300, 1500, 3600 seconds were chosen. 
When the potentiostatic anodization was finished, electrochemical impedance 
spectroscopy (EIS) was performed to investigate electrochemical properties of the 
anodic oxide film. A potentiostat (PARSTAT 2273, Princeton Applied Research) was 
used. A traditional electrochemical cell with three electrodes system was used for the 
EIS measurements; graphite rods served as the counter electrode, and saturated 
calomel electrode (SCE) served as a reference electrode. EIS was performed on post-
anodized specimens at the open circuit potential (OCP) with an amplitude of the 
perturbation signal being 10 mV at frequencies in the range of 10-2 to 105 Hz. A 
software (ZView, Scribner) was used to analyze the impedance data and to fit them to 
an equivalent circuit model.  
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2.2.3 Method of Estimating Film Thickness of Anodic Oxide 
To understand about relation between thickness and color of anodic oxide film 
color of anodized surface was observed. Using a digital optical microscope (LEICA 
DFC 450), images of specimen surfaces were obtained from a continuous (white) 
spectrum. The colors of specimen images were then compared with colors in a 
standard color chart of visible rays. From the 2D plane the interference wavelength 
can be approximately estimated, and afterwards, thickness of the oxide film was 
calculated from the approximate wavelength using equation for the relation of 
thickness and refractive index.  
 
 
2.2.4 High-Resolution Investigation of the Surface and Cross-Section of Anodically 
Formed Oxide Films 
Scanning electron microscopy (SEM; FEI Helios Nanolab 650) was used to 
investigate the surface morphology of the anodic films. Also cross-section changes of 
the oxide layers were measured on specimens sectioned with Focused Ion Beam 
(FIB). Platinum and palladium was deposited on the TiO2 surface to protect the oxide 
surface during FIB work. After that, a cross-sectioned specimen was prepared by FIB 
milling and lifted out for Transmission electron microscopy (TEM) examination in a 
FEI Tecnai F30 instrument. High resolution bright field and dark field micrographs 
were taken and also selected area electron diffraction patterns were obtained. 
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2.3 Results and Discussion 
2.3.1 Potentiostatic Formation of Anodic Film on Pure Titanium 
Figure 2-3-(a) shows a schematic of the current density change during typical 
potentiostatic anodization. During the initial stage of anodization, stage-0 (zero), the 
current maintains its maximum limit while the voltage increases until it reaches the 
set maximum limit. During this stage the oxide film grows rapidly in thickness in 
proportion to the increase in voltage. It takes normally just few seconds to reach the 
limit voltage corresponding to the formation of the full oxide thickness. At this time 
the fully developed oxide begins the stage-I self-repair. During this stage the applied 
voltage is kept constant. The current decreases rapidly with a logarithmic time 
dependence, owing to resistance increase in the oxide film. Figure 2-3-(b) shows an 
actual experimental data curve of the current density change during potentiostatic 
anodization of pure Ti. The anodic oxide film was formed by 30V anodization. It 
reveals three different well distinguished stages showing how current density changes 
over anodizing time. Stage-0 is too short to be seen. The anodization current density 
dropped rapidly during stage-I (~90 seconds) of 30V anodization, reaching a 
minimum current density of 0.18 mA/cm2. The titanium anodization treatment has 
additional stages-II and stage-III. During the second stage, up to 1500 seconds, the 
anodizing current density increased gradually until it reached a maximum current 
density of 3.2 mA/cm2. During the final stage-III, the current density decreased 
slightly over time (~3600 seconds). As shown in figure 2-3-(c), five different titanium 
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specimens were anodized in the potentiostatic mode with each of them having a 
different anodization time. Dielectric and electrochemical properties were measured 
and analyzed for each after the potentiostatic oxide film formation. The results can be 
compared with the topography or microstructure of the oxide films as recorded by 
optical microscopy, SEM. and TEM.  
 
 
(a) 
 
Figure 2-3. (a) Schematic graphs of voltage, anodizing of current and oxide film 
thickness during anodic oxide growth on titanium. 
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(b) 
 
Figure 2-3. (b) Measured anodizing current showing a sharp drop of current density 
during stage-I film repair. In stage-II an anomalous re-increase of leakage current is 
due to localized formation of oxide islands containing crystal defects. 
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(c) 
Figure 2-3. (c) Measured anodizing currents of five different titanium specimens; all 
show the formation of initially self-repairing oxide film and re-increase of leakage 
current due to permission along new current paths through newly-formed defective 
portions of the oxide film 
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2.3.2 Change of Interference Color and Growth of Anodic Oxide Films on Pure 
Titanium 
Many metals and alloys that form thin passive oxide films on their surface show 
color change. It appears when incident white light (of continuous wavelength 
spectrum) is reflected at the air/oxide and oxide/metal interfaces, and a certain 
wavelength is omitted from the reflected spectrum because of destructive interference. 
This is known as thin film interference, which is a prominent feature of anodized 
titanium surface. The interference color is determined by thickness and refractive 
index of thin oxide films. Therefore, one can estimate thickness of anodic TiO2 films 
from color of oxide film surface. 
Assuming that the oxide layer is very thin, and uniform plane wave is incident 
on its surface (Figure 2-4), the optical path difference of the reflected light, Γ, can be 
expressed with refractive index of thin oxide film, n, as follows [75] [76];  
 
Γ ൌ nሺABതതതത ൅ BCതതതതሻ െ ADതതതത (2-1)
 
and,  
 
ABതതതത ൌ BCതതതത ൌ ݀cos β (2-2)
ADതതതത ൌ 2݀ tan β · sin α ൌ 2݀ tan β · nsin β (2-3)
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Collecting terms from equation 2-2 and 2-3, Γ is, 
 
Γ ൌ 2nd ൬ 1cos β െ tan β sin β൰ ൌ 2nd ቆ
1 െ sinଶβ
cos β ቇ ൌ 2nd cos β (2-4)
 
thus,  
 
Γ ൌ 2nd cos β (2-5)
 
 
 
Figure 2-4. Illustration of destructive interference of a certain wavelength by 
reflection and recombination of light at the metal/oxide and oxide/air interfaces [77]. 
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The characteristic color that depends on the thickness of the oxide layer will be 
represented by the absence of a specific wavelength of the reflected light from an 
oxide layer that has a certain thickness. If the angle of incident light equals zero (β=0), 
i.e., it is normal to the film surface, then reflected waves of certain wavelength will be 
completely out of phase, and interference of reflected wave will be destructive. Thus, 
for a given oxide thickness and refractive index the visible color is that of the 
continuous spectrum minus the interference-removed wavelength. The oxide film 
thickness, d, is able to be expressed with wavelength of complementary color from 
oxide, λ, [78] [79], 
 
n݀ ൌ ൬2m െ 14 ൰ λ (2-6)
 
where m is the order of the interference and can be substituted by a certain 
integer. n is refractive index.  
Several research studies about color-thickness relation of anodic TiO2 films have 
been reported. Color of anodized film surface on titanium was blue and its thickness 
was about 80 nm when it was anodized at 30V [57] [76]. Halary-Wagner et al. 
reported that the interference color of anodic TiO2 film changed from blue to light 
blue as its thickness increased from about 55 nm to 75 nm [80]. Karambakhsh and 
colleagues observed that oxide film thickness varied from 50 nm to 75nm when 
titanium was anodized at 30V depending on anodization solutions [81] [82]. It can be 
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inferred from previous studies that the interference color of anodic TiO2 films formed 
by 30 V-anodization looks blue color, and its thickness is approximately in the range 
between 50 nm to 80 nm.  
To understand color and thickness change of anodic oxide films during 
anodization interference color of each anodized titanium specimen was observed. It 
was compared with color of visible spectrum that can be approximately divided into 
six broad color regions; violet, blue, green, yellow, orange and red [83]. Approximate 
range of wavelength of complementary color was obtained from the comparison of 
observed color of oxide surface with the color spectrum. Refractive index, n, varies 
with oxide crystal structure. Due to the uncertainty of structure or crystallinity in the 
given thin anodic oxide film, the thickness range of the anodic TiO2 film was 
determined from two boundary values of the refractive index, assuming that the thin 
film consists of amorphous and anatase phase; using the value of 2.2 for the 
amorphous and 2.56 for the anatase phase [84] [85] [86] [87]. Both air/oxide and 
oxide/metal interfaces were assumed to have low interfacial roughness in order to 
calculate the oxide thickness. 
Table 2-4 shows change of interference color of anodic TiO2 films formed on 
pure titanium during anodizing in 1% phosphoric acid solution at 30V applied 
potential. The observed color of oxide surface changes from blue to greenish blue. 
The complementary color canceled by destructive interference of specific oxide films 
changes from orange to reddish orange, and the approximate wavelength range of 
complementary color is 610 nm to 670 nm [88]. The minimum and maximum value 
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of oxide thickness by an approximate calculation is shown in table 2-4. Change of 
interference color shows that the anodic TiO2 oxide grows during continuous 
anodization at 30V. To obtain more precise value of oxide thickness a numerical value 
of wavelength has to be measured by reliable methods and considered with other 
factors that can affect reflection and refraction of light, such as surface roughness, 
defects in the film [75]. 
 
Table 2-4. Change of color, wavelength and thickness of anodic titanium oxide film 
formed on commercially pure Ti during anodizing in 1% H3PO4 solution at 30V 
applied potential. 
Anodizing time 
[seconds] 
9 90 300 1500 3600 
Color Chart* 
Color blue ←──────────────────────→ greenish blue 
Complementary 
Color [88] 
orange ←─────────────────────→ reddish orange 
Wavelength of 
complementary 
color [nm] [88] 
610    670 
Approximate 
thickness [nm] 
60 
~ 69 
   
65 
~ 74 
*Optical micrographs of titanium surface anodized at 30V are shown in Appendix A. 
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2.3.3 SEM Analysis of Surface and Cross-Section of TiO2 Films 
To gain insight into the structural changes in the anodic titanium oxide films 
over time, the topography of the TiO2 surface was studied by SEM (Figure 2-5). After 
the stage 0 and I of the potentiostatic anodization, a uniform flat oxide layer is 
observed with small oxide nodules or islands that were also observed in another study 
(Figure 2-5 (a), (b)) [71]. Each nodule starts growing up and spreading across the 
surface during stage-II (Figure 2-5 (c)). Bigger nodules can be observed; they cover 
more than half of the surface (Figure 2-5 (d)). Eventually the nodules cover the entire 
surface and form a rough upper layer (Figure 2-5 (e)).  
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(a)                                        (b) 
 
(c)                                        (d) 
 
                     (e) 
 
Figure 2-5. SEM images (3,500×) of the evolution of surface topography of 
anodic titanium oxide after (a) 9 seconds, (b) 90 seconds, (c) 300 seconds,  
(d) 1500 seconds, and (e) 3600 seconds of formation.  
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The topography change of the TiO2 film surface is indicating an accumulation of 
new oxide due to ion transport forming part of leakage current. In the results of 
potentiostatic anodization in figure 2-3 (c), the rapid increase of the current density is 
observed at stage-II of the anodization when the nodules or islands grow and spread 
across the surface in the SEM images. Considering a logarithmic current reduction 
during anodization, the metal oxide grows homogeneously to form a uniform passive 
oxide layer. However, Ti shows abnormal current change during its anodization, 
forming nodules and islands rather than homogeneous and uniform passive oxide 
layers. It is related to repassivation of the anodic TiO2 films, and the charge transfer 
for repassivation is counted as leakage current during anodization.  
The cross-section of the oxide film was investigated in a transverse cut by 
focused ion beam (FIB) milling (Figure 2-6). Nodules (or islands) are observed after 
1500 seconds of anodization (Figure 2-6 (d)(e)). The amount and size of nodules 
increase with increasing anodization time. The nodule size and shape are irregular and 
complicated. The oxide layer is turning more complex with nodules over time (Figure 
2-6 (c)(d)(e)).  
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(a)                                        (b) 
 
(c)                                          (d) 
 
(e) 
 
Figure 2-6. SEM images of cross-sections of anodic titanium oxide films after  
(a) 9 seconds, (b) 90 seconds, (c) 300 seconds, (d) 1500 seconds, and (e) 3600 
seconds of formation.  
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2.3.4 TEM Analysis of Anodic TiO2 Films 
Transmission electron microscopy (TEM) was used for observation of structural 
change of the anodic TiO2 layer. Two specimens were selected; 90 seconds (after 
stage-I) and 1500 seconds (after stage-II) of anodization. TEM micrographs are 
shown in Figure 2-7 with fast Fourier transform (FFT) results. The oxide layer seems 
to be uniform after stage-I and stage-II (Figure 2-7 (a)(b)). Nano-crystallized 
structures are found in figure 2-8 (c)(d), which shows lattice fringes clearly. On the 
other hand, it shows homogeneous amorphous structure near the outer surface (Figure 
2-7 (e)(f)). The selected area diffraction (SAD) could not be obtained owing to 
crystallization; the amorphous phase crystallized and transformed to nano-crystalline 
structures during taking the SAD (The snapshots of movie clip of amorphous-crystal 
transformation are shown in Appendix B). The oxide consists of two sub-layers that 
have different structure; dense and homogeneous amorphous in outer layer and 
partially nm-crystallized inner layer. Thus from the results of SEM and TEM, it could 
be assumed that the homogeneous amorphous oxide is formed preferentially by initial 
anodic oxide growing before nanocrystallites appear in the inner sub-layer during the 
initial stage of anodization. 
TEM micrographs of 1500-second-anodized specimen show more and larger 
region for nanocrystallites (Figure 2-8 (a)(b)), compared to the one of 90 seconds 
anodization. Lattice fringes are observed in the nanocrystalline region (Figure 2-8 
(c)(d)), but there is still some amorphous phase (Figure 2-8 (e)(f)). One could say the 
1500-seconds-anodized oxide film is one layer that has nanocrystals in an amorphous 
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matrix. However, big nodules are also found in the layer as it is shown in figure 2-5 
(d), and figure 2-6 (d). TEM images show the nodule and its porosity in figure 2-9. It 
shows lattice fringes very clearly (Figure 2-9 (c)(d)).  
Anatase TiO2 was identified by the selected area diffraction (SAD) in figure 2-9 
(e). Therefore, the 1500-seconds-anodized oxide has two layers; one layer contains an 
amorphous oxide matrix with nanocrystallites. The other layer is porous nodules or 
island-shaped anatase phase. The anatase nodules are evidence of a secondary anodic 
oxidation, namely, repassivation. They seem to be formed by self-repair during 
repassivation or during continued anodization. That is, the nanocrystals in the inner 
layer can be grown up and become a path of leakage current during anodization. It 
allows electronic and ionic migration in the oxide layer. This may occur repassivation 
of oxide layer occurs (Figure 2-9 (f)). It is represented as an increase of anodic 
current density in the time vs current density curve in the stage II (Figure 2-3 (b)), 
and possibly by a sharp current spike that was not recorded. 
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(a) 
 
 
(b) 
 
Figure 2-7. TEM images of the oxide film cross section formed after 90 seconds of 
formation; (a), (b) the cross section images of the oxide film 
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(c) 
 
 
(d) 
 
Figure 2-7. (continued) (c) the inner layer of the TiO2 film shows lattice fringes and  
(d) a diffraction pattern by FFT method 
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(e) 
 
 
(f) 
 
Figure 2-7. (continued) (e) the outer layer of the TiO2 film,  
(f) a diffraction pattern by FFT method  
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(a) 
 
 
(b) 
 
Figure 2-8. TEM images of the oxide film cross section after 1500 seconds of 
formation; (a), (b) the cross section image of oxide film 
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(c) 
 
 
(d) 
 
Figure 2-8. (continued) (c) low contrast features in the inner portion of the TiO2 film,  
(d) a diffraction pattern by FFT method 
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(e) 
 
 
(f) 
 
Figure 2-8. (continued) (e) relatively homogeneous part of oxide,  
(f) a diffraction pattern by FFT method 
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(a) 
 
  
(b) 
 
Figure 2-9. TEM images of the oxide film cross section after 1500 seconds of 
formation near nodule; (a), (b) the cross section images of oxide film 
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(c) 
 
 
(d) 
 
Figure 2-9. (continued) (c) a pattern of the crystallized nodule,  
(d) and a diffraction pattern by FFT method  
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(e) 
 
 
(f) 
 
Figure 2-9. (continued) (e) selected area diffraction pattern of the nodule,  
(f) illustration of anodic TiO2 layer anodized after 1500 second based on TEM results;  
nanocrytallites are in amorphous matrix with anatase nodules 
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Considering increase of size and amount of nanocrystallites, it seems there is a 
relation between crystallization and continuous anodization. According to Habazaki et 
al., crystalline nuclei of size about 1 nm at the oxide/metal which already present in 
the thin native oxide film contribute initial crystallization of amorphous oxide layer 
during anodization [91]. Shibata et al. reported that crystallization was induced near 
the metal/oxide interface owing to high internal stress during anodic oxidation [66]. It 
was also mentioned in other studies [89] [90].  
In the present research, nanocrystalline regions were found in an amorphous 
matrix near the metal interface. It gives the appearance of two oxide sub-layers 
(Figure 2-10 (c)). After 90 seconds of anodization (stage II), some of the lump of 
nanocrystals are grown by high internal compression by volume expansion of oxide 
(Figure 2-10 (d)). Repassivation occurs and dissolved Ti cations form anatase titania 
crystal structure (Figure 2-10 (e)). This repassivation will continuously occur until the 
oxide surface will be covered by porous anatase phase nodules. This continued 
repassivation eventually results in complete coverage of the oxide with porous 
anatase nodules.  
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Figure 2-10. Model illustrating TiO2 film growth during anodization 
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2.3.5 EIS Analysis of Anodic TiO2 Films and Equivalent Model 
In the EIS an oxide film shows ideal capacitive behavior, when the phase angle 
is -90˚. In the reality, however, it is not ideal. Thus, the closer the phase angle is to -
90˚, the closer to the ideal capacitor it will be. The phase angle changes for different 
anodizing times. It is shown in the Bode plots in figure 2-11 (Nyquist Plots are shown 
in Appendix C). All plots for the anodic oxide layer exhibit two RC time constants 
with anodizing time, except the non-anodized specimen. The oxide layer that is 
naturally formed on pure Ti surface at the open circuit potential shows a single RC 
time constant. It represents a single layer. Two RC time constants represent two sub-
layers in the dielectric film [38] [39] [40].  
During stage-I of potentiostatic anodization (~90 seconds) the oxide films do not 
show clear capacitive behavior. A large phase angle is observed in the high frequency 
measurement region (f > 1 kHz) whereas a relatively small phase angle is obtained in 
the low frequency region. The phase angle decreases in high frequency region while it 
increases gradually in low frequency region for stage-II, anodic oxide grown for 1500 
seconds. Finally, for stage-III, anodic oxide layer formed during 1500s to 3600s 
anodization shows a high plateau-like phase angle in the measurement region below 1 
kHz region (figure 2-11). The phase angle is higher than 80˚ but did not reach -90˚ of 
a theoretically ideal capacitor. It means the oxide film eventually represents near-
ideal-capacitive behavior in low frequency region after one hour of anodization [92]. 
Thus, one can conclude from the EIS results that the anodic titanium oxide film in 
phosphoric acid solution likely consists of two sub-layers—an inner and an outer 
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layer, and these layers show different capacitive behaviors during anodic oxide 
growth. The model is supported by the results of the electron-microscopic analyses. 
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Figure 2-11. Bode plots for the anodic titanium oxide films after different anodizing 
time. The plots show the phase angle Φ  
as a function of applied charging/discharging frequency. 
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In order to explain electrochemical behavior of the anodic TiO2 film, several 
equivalent circuit models have been suggested. The anodic oxide films with 
homogeneous structure can be represented by an equivalent circuit named Randles 
circuit model, R ─ (R│C) (Figure 2-12 (a)). The circuit model can be applied to the 
natural (or native) oxide layer. It is also used to analyze anodic films formed under 
conditions of low voltage anodization [44]. Badawy showed two RC time constants 
may be considered to explain the EIS results of a passive TiO2 layer rather than a 
single time constant [13]. Equivalent circuit models with two RC time constants were 
considered to explain the complexity of the anodic film growth as well as the 
structural changes during prolonged anodizing time; they are series and nested 
circuits in figure 2-13-(b) and (c).  
A constant phase element (CPE) was used to better describe the impedance data. 
Here, Rs is the resistance of the electrolyte solution, Router is the resistance of an outer 
oxide sub-layer, while Rinner is the resistance of an inner oxide sub-layer. Qouter and 
Qinner represent effective CPE coefficients of each layer. The CPE coefficient, QCPE, is 
used to describe imperfection of capacitive behavior or pseudo-capacitive depression 
factor, α in the Nyquist plot [93]. Recall the previous equation 1-63, regarding QCPE, 
 
ܼCPE ൌ 1ܳCPEሺ݆߱ሻఈ ൌ
1
ܳCPE߱ఈ ቂܿ݋ݏ ቀ
ߙߨ
2 ቁ െ݆ sin ቀ
ߙߨ
2 ቁቃ (1-63)
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Figure 2-12. Equivalent circuit models used in this research 
(a) equivalent circuit—“Randles circuit” for a general single-layer oxide system, 
(b) two RC time constants connected in series, (c) nested two RC time constants 
 
A combination of two parallel RC circuits is described in figure 2-12 (b). It 
showed the best fits for the oxide layer formed after 9 seconds and 90 seconds of 
anodization. It is in agreement with the TEM result that shows the oxide layer may 
consist of two sub-layers during stage-I; an outer mostly amorphous sub-layer and an 
inner sub-layer with nanocrystals in an amorphous matrix. The two parallel RC circuit 
model can also be used for fitting of 300 seconds-anodized specimen (stage-II) that 
has thin outer amorphous sub-layer and grown up nanocrystalline regions.  
However, for oxide films formed during more than 1500 seconds of anodization, 
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the nested two-time-RC circuit model (figure 2-12 (c)) is more proper to analyze the 
impedance results. This model represents porous outer anatase nodules/islands and 
inner layer that is composite oxide of two phases, fully-developed nanocrystal phases 
in amorphous matrix. According to results of TEM, the two oxide sub-layers in early 
anodization become a single layer with increased volume fraction of nanocrystalline 
regions in amorphous matrix (Figure 2-9). Additionally, there are anatase nodules 
reaching all the way from metal to the outer surface, which can behave as a semi-
porous outer layer in the impedance analysis of the stage-III anodic film.  
Fitting results of each oxide layer and related equivalent circuit model are listed 
in table 2-5. These best-fitted values of equivalent circuit show how electrochemical 
properties, including resistance, depression factor, and capacitance, vary with 
microstructural change during oxide film growth by anodization.  
Resistance for given area (Ωcm2) of anodic TiO2 film can be expressed as a 
product of resistivity of the titanium oxide and its thickness ((Ωcm)cm). Since 
resistivity is an intrinsic property that strongly depends on given material, it is 
determined by oxide phase. Amorphous oxide is generally expected to show higher 
resistivity than crystalline oxide phase due to the lacks of crystalline defects and grain 
boundaries [35]. Hanini et al. observed decrease of resistivity with developing anatase 
polycrystalline phase in the amorphous matrix [94]. It is associated with rising donor 
level more closely to the conduction band due to increase of the amount of TiO2 
oxygen vacancies, the main type of point defects in TiO2 [95]. Expansion of 
nanocrystalline regions in the oxide layer during anodization decreases a ratio of 
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amorphous to nanocrystallites, and it results in decrease of resistivity of composite 
oxide. If anodic oxide layer keeps almost same thickness and transforms into 
nanocrystalline structure during anodization, measured resistance will decrease with 
decreasing resistivity. However, if oxide has same microstructural phase under 
constant temperature condition, then resistance will be a thickness-dependent property.  
At zero seconds the resistance for given area of non-anodized specimen is about 
9 kΩcm2 (table 2-5). It is less resistive than the one in phosphate buffer saline 
solution, ≈100 kΩcm2 [96] but more resistive than the one in sulfuric solution, ≈3 
kΩcm2 [97]. Resistance of non-anodized specimen at OCP is thought to depend on 
anodizing solution. The natural TiO2 oxide formed in the air with a few nanometer-
thickness [97] grows immediately after immersion into aqueous solution. When it is 
immersed into phosphoric acid solution, the open circuit potential and resistance are 
increased by forming and growing passive oxide layer [98]. Considering time needed 
for EIS test (about 0.5 hours), oxide layer on the non-anodized specimen could be 
thicker than natural oxide layer formed in the air, which results higher resistance at 
OCP. 
Resistance increases rapidly during anodizing (table 2-5). As discussed above, 
the anodic TiO2 layer during early anodization (stage-I) can be considered as two sub-
oxide layers; outer amorphous layer and inner layer that has nanocrystalline phases in 
amorphous matrix. As anodic oxide layer grows, resistance of inner sub-layer 
increases during stage-I of anodization (1.62E+06 Ωcm2 → 2.27E+06 Ωcm2). During 
this stage ‘amorphous to nanocrystal’ transition begins occurring near oxide/metal 
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interface. Despite of resistivity decrease during this stage resistance increases. It is 
thought to be due to increase of thickness by rapid growth of inner oxide layer. The 
minimum value of resistance can be associated with the results of potentiostatic 
anodization. After 90 seconds of anodization (stage-I) the measured leakage current 
during anodization reached a minimum value (Figure 2-3 (b)). 
The resistance of inner sub-layer then decreases during stage-II anodization 
(2.27E+06 Ωcm2 → 1.83E+06 Ωcm2). At this point phase transformation occurred 
and formed many nanocrystalline regions in the amorphous matrix. It makes 
resistivity of composite oxide smaller, and thus resistance decreases in spite of 
thickness increase. The resistance is maintained at a relatively constant level during 
stage-III anodization (1.83E+06 Ωcm2 → 1.68E+06 Ωcm2 → 1.73E+06 Ωcm2). 
During stage-III anodization most of the remained amorphous phase transform to 
nanocrystalline phase (or anatase) in the inner oxide. 
Resistance change in outer oxide layer is more complicated. During stage-I it is 
remained as a homogeneous amorphous layer while inner oxide layer has 
nanocrystalline regions near oxide/metal interface (see TEM observations in figure 2-
7 (e),(f), and illustration figure 2-10). The resistance increase due to the rapid oxide 
growth (3600 Ωcm2 → 5100 Ωcm2). However, it decreases after 300 seconds of 
anodization (5100 Ωcm2 → 4500 Ωcm2). It is because the nanocrystalline regions 
encroach upon the amorphous phase as they grow during anodization. After 1500 
seconds of anodization (stage-III) resistance of outer layer drops rapidly showing 
relatively small value of resistance (4500 Ωcm2 → 60 Ωcm2 → 90 Ωcm2). The 
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anatase nodules/islands are considered as an outer porous oxide layer by equivalent 
circuit model (table 2-5) that the electrolyte can penetrate through. Therefore the 
resistance of outer oxide layer is small. 
The depression factor, α, indicates non-ideality of capacitive layer (equation 1-
64) reflecting loss angle, δ (equation 1-23). It shows how coefficient of constant 
phase element is close to (or far from) ideal capacitor. Its range varies between 0 and 
1 (0 < α <1). If the loss tangent (energy loss) of capacitive oxide layer is big, then, α 
will be small. It would become an ideal capacitor with α=1, while perfect resistor 
with α=0. When α=0.5, it is defined Warburg impedance, which is used to represent 
semi-infinite linear diffusion of the electrodes. Mostly in many systems, the CPE 
element would be regarded as capacitors, if 0.8 < α < 1 [40]. Although all of the sub-
layers show α > 0.8 in the table 2-5, it varies with growth of anodic oxide and 
microstructural change. Particularly, the outer out-layers in early stage of anodization 
show α = 0.99, i.e., they are almost ideal capacitors with very small energy loss. It is 
because the outer layers in early stage of anodization mostly consist of amorphous 
(figure 2-7). The αouter value drops after 300 seconds-anodization as nanocrystalline 
regions develop and encroach on the outer oxide layer forming anatase nodules on top 
of existing outer oxide layer by repassivation. During stage-III of anodization, the 
oxide surface is covered with semi-porous anatase nodules/islands due to the 
continuous repassivation, and the αouter now represents non-ideality of the porous 
outer oxide layers. They are relatively smaller than those of early anodization stage (α 
outer, 1500 seconds = 0.90, α outer, 3600 seconds = 0.89), which means the outer layers consist of 
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less ideal capacitor than amorphous, i.e., anatase TiO2. Depression factors of inner 
oxide layer are less than outer oxide layer in early anodization stage because 
nanocrystalline regions are formed at metal/oxide interface during early stage of 
anodization. The value of α outer increases and is maintained at a constant level (0.93) 
after 1500 seconds of anodization (stage-III). It is thought to be associated with its 
homogeneity. During stage-III anodization, most of the remained amorphous 
transformed to crystalline phase and made the inner oxide layer more homogeneous.  
Change of effective capacitance of each sub-layer can be estimated from table 2-
5. From the relation between QCPE, α, and the imaginary part of impedance, Zim, an 
effective equivalent capacitance, Ceff, can be estimated. Hsu and Mansfeld proposed 
following equation [99]; 
 
ܥ௘௙௙ ൌ ܳCPEሺ߱௠௔௫ሻߙିଵ (1-65)
 
߱௠௔௫ is frequency when Zim reaches maximum. However, this equation is not 
appropriate for films with high capacitance since it doesn’t show a peak that 
represents maximum value of Zim in Zim vs. log f graph [100]. Therefore other 
equation for effective circuit capacitance was used in this research. Brug et al. 
developed following equation for R1─(CPE│R) circuit (Randles circuit) [101], and its 
application was widely studied by several researchers for various oxide layers [48] 
[49] [50] [51] [52]. 
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Table 2-5. Equivalent circuit parameters for anodic growth of titanium oxide films changing with anodizing time; Rs is 
solution resistance. Router and Rinner are resistances of inner and outer oxide sub-layer. Qouter and Qinner represent effective 
CPE coefficients of each layer. α outer and α inner are depression factors of each layer. χ2 is a goodness of fit. 
Anodization 
Time [s] 
Equivalent Circuit 
Model 
Rs 
[Ωcm2] 
Qouter 
[Ω-1cm-2sα] αouter 
Router 
[Ωcm2] 
Qinner 
[Ω-1cm-2sα] αinner 
Rinner  
[Ωcm2] χ
2 
0 
 
0.614 
   
2.80E-04 0.99 9017 1E-2 
9 
 
1.284 1.32E-06 0.99 3583 2.38E-06 0.91 1.62E+06 1E-2 
90 1.293 1.17E-06 0.99 5088 2.49E-06 0.90 2.27E+06 2E-2 
300 3.261 5.18E-06 0.85 4524 6.18E-06 0.85 1.83E+06 9E-3 
1500 
 
3.972 5.63E-06 0.90 64 5.87E-06 0.93 1.68E+06 2E-2 
3600 4.071 6.57E-06 0.89 85 8.51E-06 0.93 1.73E+06 2E-3 
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Assuming that the outer and inner oxide sub-layers are superposed, the total 
effective capacitance of anodized titanium dioxide layer can be obtained from the 
following equation [102];  
 
1
C୲୭୲ୟ୪ ൌ
1
Cୢ୭୳ୠ୪ୣ ୪ୟ୷ୣ୰ ൅
1
C୬ୟ୲୳୰ୟ୪ ୭୶୧ୢୣ ൅
1
C୧୬୬ୣ୰ ൅
1
C୭୳୲ୣ୰
؆ 1C୧୬୬ୣ୰ ൅
1
C୭୳୲ୣ୰ 
(2-7)
 
where Cdouble layer is capacitance of the Helmholtz double layer that is potentially 
developed at the solid/electrolyte interface. Cnative oxide is the capacitance of the native 
oxide, and Cinner and Couter represent the capacitances of the inner and outer oxide sub-
layers. Because the capacitances of a double layer and/or of a native oxide are much 
larger than the capacitance of inner and outer oxide layers, their reciprocals are small 
enough to be neglected in equation 2-7 [102]; thus the inverse of the total capacitance 
can be calculated. It is approximately equal to the summation of the individual 
inverse capacitances of two anodic oxide sub-layers (Ctotal-1= Cinner-1 +Couter-1). Table 
2-6 shows the capacitances of outer sub-layer, inner sub-layer, and the net capacitance 
ܥ௘௙௙ ൌ ܳCPE
ቀଵߙቁ ൬ 1ܴଵ ൅
1
ܴ൰
ቀߙିଵߙ ቁ
 (1-66)
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of the anodic film. Initially effective capacitance of non-anodized specimen was 
about 256 μF, which is due to its very thin oxide. The net capacitance as well as the 
two sub-layer capacitances decreased during the early stage of anodization (~ 90 
seconds). It is consistent with the resistance, leakage current and microstructure 
change. After the stage-I anodization, the oxide layer consists of amorphous outer 
sub-layer and small amount of nanocrystallites in amorphous matrix. At this point, the 
resistance was in maximum and leakage current density was in minimum. However, 
after 90 seconds i.e., at the lowest point of current density in figure 2-3 (b), the total 
effective capacitance increased again. It increased continuously up to about 1.3 μF 
with increasing anodization time. Capacitance of inner oxide layer continuously 
increases due to increasing nanocrystalline regions in amorphous matrix. After 
forming anatase nodules/islands on oxide surface capacitance of outer oxide layer 
increases. The total effective capacitance also increases while it was small during 
early stage of anodization because of the amorphous-based microstructure. 
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Table 2-6. Estimation of capacitance of two dielectric layers and total capacitance  
Anodization Time [s] Couter [nFcm-2] Cinner [nFcm-2] Ctotal [nFcm-2] 
   0 - 256000 256000 
   9 1151.5 1472.8  646.3 
  90 1020.9 1565.7  617.9 
 300  767.5 3346.7  624.3 
1200 1700.2 3433.3 1137.1 
3600 1914.5 4906.4 1377.1 
 
 
 
Considering TEM results and meaning of used equivalent circuits for analysis, it 
can be concluded that amorphous to nanocrystalline transition occurs at metal/oxide 
interface during early stage of anodization, showing different electrochemical 
properties on the inner and outer region of anodic oxide layer. With continuous 
anodization, nanocrystalline region in the inner sub-oxide layer develops, and the 
entire oxide layer transformed into nano-crystals. Therefore, resistance of outer sub-
oxide is high during early anodization and become very small due to porous nodules 
on the surface. On the other hand, resistance of inner sub-oxide is really high and 
constant since titanium forms thick oxide film on its surface.  
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2.4 Conclusions 
 
The passivation current to grow an initial oxide film and the repassivation 
current to repair and grow more oxide were recorded during potentiostatic 
anodization in order to investigate micrsostructural and effective capacitance changes 
in anodic TiO2 films. Anomalies were discovered, namely, the anodizing current 
decreases during the early repassivation, then it temporarily increases before it 
decreases during long-time anodization to a steady state leakage current. 
SEM and TEM micrographs show that the TiO2 oxide film is mostly amorphous 
initially, then quickly develops regions of recrystallized phase embedded in the 
amorphous parent phase. Electrically it behaves as an oxide consisting of two sub-
layers, an outer amorphous layer and an inner sub-layer in which nanocrystals are 
embedded in the amorphous parent oxide. Void-like (light-contrast in TEM) features 
were also found with the nanocrystalline regions. The interpretation of whether they 
are voids or recrystallized oxide pockets having low electron absorption in TEM is 
inconclusive at this time. With increased anodization time, the inside layer grows, 
diminishing the outer amorphous. Regions where the voids reduce the voltage-
bearing cross-section, e.q. by forming cracks in the oxide film, nearly instantaneous 
repassivation must occur, equivalent to rapid localized self-repair. However, the 
repaired nm-crystalline oxide continues with an unpredictably high leakage current. 
This represents an overall current increase during potentiostatic anodization.  
 
 98 
 
Oxide nodules formed by repassivation consist of anatase phase. They form a 
non-uniform porous oxide on top of earlier formed dense anodic film. Thus, after 
such repassivation, the oxide layer exhibits two layers; an inner amorphous oxide 
matrix with nanocrystallites and an outer porous anatase phase.  
Electrochemical equivalent circuit models were applied to describe the 
impedance results. In correspondence with the two sub-layers observed in TEM, two 
time constant models are used. They are consistent with the impedance results. The 
EIS data and fitting results show how the electrochemical properties change with the 
microstructural evolution. It is consistent with the evolution of the oxide layer from 
amorphous to nanocrystals in an amorphous matrix to a nanocrystalline sub-layer 
covered by porous and nodular anatase phase.   
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Chapter 3  Electrochemical and Dielectric Properties 
of Anodic Oxide Layer on Ti-Zr Binary Alloys 
 
3.1 Introduction 
Zirconium, one of the early transition metals, also can form chemically 
protective, passive thin oxide layer when it is in contact with air or aqueous solutions. 
Compared to anodic TiO2 films, ZrO2 has smaller relative permittivity and larger band 
gap energy [5] [62] [92]. It affects the electrochemical properties of the oxide layer on 
the alloy materials to which Zr is added. According to Santamaria, the band gap 
energy of the oxide film grown on the Ti-Zr binary alloy increases with increasing Zr 
content [103]. The oxide film on the binary alloy behaves like an insulator rather than 
a semiconductor. Also, reduction of the relative permittivity of the oxide layer is 
observed as Zr content concentration is increased [104]. Therefore, it is expected that 
the anodic oxide layer formed on Ti-Zr alloy has lower leakage current density than 
the one on pure titanium.  
The electrochemical advantages of the Ti-Zr alloys have attracted considerable 
attention since the mid-20th century. The initial studies focused on the effect of Zr 
content in the Ti-Zr binary alloy on corrosion resistance of the passive oxide film. 
According to Andreeva and Glukhova, zirconium is a very effective alloying element 
for titanium alloys to reduce corrosion rate and increase corrosion resistance in HCl 
based solutions [105] [106]. Results of potentiostatic polarization and galvanostatic 
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tests show that the corrosion resistance of the Ti-Zr binary alloys increased with 
increasing Zr contents. However, severe pitting corrosion occurred on the surface of 
the binary alloys that have Ti concentration less than 50%. Only the binary alloy 
containing 50% of Zr contents and 50% of titanium showed low current density over 
a wide range of potential. Thus, the researchers concluded that near-stoichiometric 
Ti–50at.%Zr is the most interesting alloy to form a passive oxide layer. Olivera et al. 
[107] also reported that Ti-50at%.Zr alloy had high corrosion resistance in 
physiological solution, and the passive oxide film of the alloy was even more resistant 
to fitting corrosion by chloride ions. Clearly, the existence of Zr atoms in the anodic 
passive oxide layer is helpful to improve the corrosion resistance. Ti-Zr alloys have 
been applied to bio and dental materials, owing to their high corrosion resistance and 
biocompatibility [24] [107] [108] [109] [110]. 
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Figure 3-1. Dependence of capacitance on composition and relative permittivity  
of the anodic oxide layer formed on sputtering-synthesized Ti-Zr alloys  
formed in ammonium pentaborate solution [111]. 
 
 
Habazaki et al. reported on the structure and dielectric properties of the passive 
oxide film on Ti-Zr alloys prepared by high voltage (100 V) anodization in 
ammonium pentaborate electrolyte [91] [111]. In their TEM analysis, the anodic 
oxide layer showed amorphous structure in alloys with low Zr-content. With 
increasing Zr-content in the alloy, ZrO2 nano-crystals (with monoclinic structure) 
were observed in anodically formed oxide films. They were embedded in 
an amorphous oxide matrix. Thus, the anodic oxide film on such alloys consists of 
two phases. The crystalline phase grew with added zirconium, and eventually the 
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oxide showed a fully crystalline structure on alloys with high Zr contents. Alloy with 
around 62.5 at.% Zr concentration produced an oxide with a high value of relative 
permittivity (εr =42) (figure 3-1). It was reported that Ti may have a role as a 
stabilizing cation to increase the relative permittivity of monoclinic zirconia in similar 
way to other cations such as yttrium, magnesium, calcium and cerium [112]. 
 
 
3.2 Experimental Procedure 
3.2.1 Specimen Preparation  
Ti-Zr binary alloy buttons with various concentration (Ti100-x-Zrx, x=0, 10, 20, 40, 
50, 60, 80, 90, 100 at.%) were prepared from highly pure titanium slugs (≥ 99.98 %, 
Alfa Aesar) and zirconium slugs (99.95 %, metal basis excluding Hf, Hf of nominal 
3%, Alfa Aesar) using a laboratory vacuum arc-melter with ultra high purity Ar 
atmosphere added. A chilled water-cooled copper hearth and tungsten rod cathode 
were used for arc-melting. The buttons were turned over and re-melted three times to 
obtain a thoroughly mixed composition.  
The upper curved face of each button was ground flat, and a small copper block 
was attached to the ground surface with silver conducting paste (Canemco) (Figure 3-
2-(a), (b), (c)). The buttons with the copper block were then mounted in epoxy resin 
(EpoFix resin, Struers), which was cured for about 12 hours. To make an electrical 
connection with the working electrode a threaded hole was made through the epoxy 
resin into the copper block (Figure 3-2-(d)). 
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Figure 3-2. Schematics of specimen preparation; (a) a button, (b) polished upper 
curved surface, (c) attachment of a copper block, (d) a mounted specimen with 
threaded hole for electrical connection to the copper block 
 
 
The mounted specimens were polished mechanically for electrochemical test. 
Silicon carbide papers with grit numbers (320, 600, 1200, 4000 grit) were used in this 
order. After the mechanical polishing, alumina powder suspensions with particle sizes 
from 3 μm to 0.05 μm were used for micro-polishing. Specimens were cleaned by 
ethanol in an ultrasonic bath for 20 minutes and then rinsed by ethanol. Specimens 
were painted with silicone sealant (Silicone Sealant, 3M) to expose target areas of 
1×1cm2 for electrochemical testing (Figure 3-2-(d)).  
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3.2.2 Anodization of Ti-Zr Alloys and Electrochemical Studies of (Ti-Zr)O2 Anodic 
Oxide Films 
Potentiodynamic tests were carried out. A potentiostat was used to apply a 
continuously increasing voltage starting at open circuit potential (OCP) to +10VSHE of 
OCP. The scan rate was 0.166mV/s. The test was accomplished in the three electrode 
cell system with saturated calomel electrode (SCE) and graphite rod electrodes. 
Mounted Ti-Zr alloy specimens (Figure 3-2) were used as anodes for the test.  
After the potentiodynamic test, the anodic oxide film was prepared on another 
group of the specimens by potentiostatic polarization at 30V. A schematic of circuit is 
shown in Figure 2-2-(c). During the anodization, the current response was measured 
and logged with a digital multi-meter (DMM 2000, Keithley) and a connected 
desktop computer. A two electrodes system was used, and pure Ti rods 
(Φ0.5cm×25cm) were used for the cathode. A 1% phosphoric acid solution (0.17M, 
1.42 pH) was used as the electrolyte for the anodization process.   
Each Ti-Zr alloy specimen was immersed into the phosphoric acid solution for 
two hours before anodization to measure the equilibrium potential at open circuit. A 
potential of 30V was applied to the working electrode (specimen) at constant current 
(max. 20mA) and was held for 3600 seconds.  
Leakage current and dielectric loss tangent were measured after the anodization 
in the same electrolyte. The cell was switched to the two-electrodes cell with a 
titanium rods cathode. Leakage current was recorded as a singular value two minutes 
after re-applying voltage to the anodized specimens. The voltages for leakage current 
 105 
 
measurements were 3V, 5V, 10V, 15V, 20V, and 30V. Capacitance was measured at 1 
kHz with 6V DC bias using an LCR meter (Hewlett Packard model 4262A).  
 
 
3.3 Results and Discussion 
3.3.1 Potentiodynamic Tests 
The results of potentiodynamic polarization tests on Ti-Zr alloys are presented. 
Figure 3-3 shows that the measured current density as voltage is increased from zero to 
10 Vocp. All specimens show passive behavior, i.e., they exhibit regions of constant 
current density called ‘passive regions’. With little deviation, the values of current 
density of the specimens are in the range of 10-3 mA to 2×10-3 mA. The potential range 
of the passive region ranges from 0 VSCE to about 1.3 VSCE, where VSCE is voltage 
measured by the saturate calomel electrode. 
The electrochemical properties of the specimens changed in the transpassive 
region in which oxygen evolution occurs. At around 1.3VSCE, current densities of 
some specimens begin to increase. Especially, the current density of pure Ti increases 
rapidly as potential is increased. A measured current density is 0.27 mA/cm2 when the 
potential reaches +10V. The specimen of pure zirconium shows a gradual increase of 
current flow. The final current density at +10VOCP is 0.01 mA/cm2.  
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Figure 3-3. Potentiodynamic polarization curves obtained 
from Ti-Zr alloys with Zr contents from 0 to 100% 
 
The binary alloys exhibit lower current density than pure titanium. The current 
density for anodization of pure titanium increases with increasing potential. The 
current density for the binary alloys in the transpassive region is decreased by the 
addition of Zr as an alloy element. The Ti-20 at.% Zr alloy shows lower current 
density than pure titanium and Ti-10 at.% Zr specimens. The lowest current density 
curve is observed from Ti-40at.% Zr specimen. It keeps its current density at a 
constant level with increasing potential. That is to say, only a small current (about 10-
3 mA/cm2) flows through the oxide layer on Ti-40 at.% Zr in the passive and even in 
the transpassive region. Ti-50at.% Zr and 60at.% Zr specimens also exhibit low 
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current densities during applied potentials. However, the current density for the 
binary alloy gradually increased at Zr-concentrations in excess of 80at.%.  
Habazaki et al. reported that anodization ratio of (Ti-Zr)O2 film decreased with 
increasing Zr content in Ti alloy or increasing Ti content in Zr alloy [91]. It showed a 
minimum value on the Ti-Zr binary alloy that has about 60at.% of Zr content. The 
anodization ratio (nm/V) is a coefficient that depends on applied anodizing voltage 
and oxide thickness [113]. Although the anodization ratio can also be affected by 
other anodizing factors, such as electrolytes, temperatures, etc. [113], we are inferring 
this is completely due to thickness variation if the applied anodizing voltage is 
constant. In Habazaki’s study, lower anodization ratio of Ti-60at.% Zr alloy could be 
resulted from formation of thinner oxide layer in comparison with other Ti-Zr alloys. 
It is inferred that Ti-60at.% Zr alloy forms relatively denser oxide, which is 
associated with low current density of Ti-Zr alloys containing 40at.% to 60at.% Zr in 
potentiodynamic test results. It shows compositional effect on resistance of anodic 
oxide film on Ti-Zr alloy. The potentiodynamic results of this work are supported by 
previous studies that were performed under different electrochemical test conditions 
and electrolytes [105] [106] [107] [111].  
The transpassive region in the potentiodynamic curve is related to oxygen 
evolution during the oxidation reaction [95] [114] [115] [116] [117] [118]. 
Theoretically, water dissociation or oxygen evolution reaction (OER) occurs on the 
anode surface at 1.229 VSHE in aqueous solutions at pH = 0, at room temperature 
(chapter 1.3.2), see also equation 1-c, 
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HଶOሺ݈ሻ ՜ Oଶሺ݃ሻ ൅ 4Hାሺܽݍሻ ൅ 4eି (1-c)
 
 
Electrolyte used in this study is 1% phosphoric acid, and its estimated pH is 1.42. 
Thus, using the Nernst equation (equation 1-24), 
 
ܧO/OHశ,ଵ% ୮୦୭ୱ୮୦୧୰ୡ ୟୡ୧ୢ ൌ 1.229 െ 0.0594 log
1
ሾ10ିଵ.ସଶሿସ ൌ 1.145 
 
The oxygen evolution reaction may occur at 1.145 VSHE in this solution. 
Considering the relation between saturated calomel electrode and standard hydrogen 
electrode, the half cell reaction of saturated calomel electrode is [35], 
 
HgଶClଶ ൅ 2eି ՜ 2Hg ൅ 2Clି ሺ൅0.241VSHEሻ (3-a)
 
1.145 VSHE is converted to 0.904 VSCE. Oxygen evolution occurs, and the oxygen 
bubbles are observed on the anode surface at voltage over 0.904 VSCE in 1% 
phosphoric solution at room temperature. The inflection point of current density in 
figure 3-3 is at around 1.300 VSCE. This point is already beyond the potential of 
oxygen evolution condition in this solution (ܧO/OHశ,ଵ% ୮୦୭ୱ୮୦୧୰ୡ ୟୡ୧ୢ = 0.904 VSCE). 
Oxygen evolution takes place on the anode surface, and the electron charges flow to 
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the cathode. In the figure 3-3 it is observed as an increase of current density.  
Pure titanium shows passive behavior during the initial potentiodynamic 
anodization. At the high potentials (higher than the ܧO/OHశ ), the current density 
increases due to electric charge flow caused by oxygen evolution during the reaction. 
Some of the binary alloys, Ti-40 at.% Zr and Ti-50 at.% Zr, keep a constant current 
density even in the ‘transpassive region’. The oxygen reduction reaction is less on the 
surfaces of the Ti-40 at.% Zr and Ti-50 at.% Zr binary alloys. Their oxides are more 
resistive and may be better dielectrics than the anodic oxides on pure Ti and pure Zr. 
 
 
3.3.2 Potentiostatic Anodization of Ti-Zr Alloys and Measurement of Leakage 
Current 
Figure 3-4 shows the results of current response versus applied voltage 
during potentiostatic anodization. They are similar to the results of potentiodynamic 
tests. Pure Ti specimen shows a high current increase during the secondary 
passivation. A logarithmic oxide growth behavior is observed for the Ti-Zr alloys with 
the current density dropping rapidly in the early stage of anodization and decreasing 
gradually in the later stage. The Ti-40 at.% Zr, Ti-50 at.% Zr and Ti-60 at.% Zr alloy 
show the lowest levels of current density. Combined with the results of 
potentiodynamic testing in 1% H3PO4 solution (Figure 3-3), one can conclude that the 
anodic oxide film on the 50Ti-50Zr binary alloy has the highest resistance and may be 
best suited as a dielectric.  
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Figure 3-4. Potentiostatic polarization curves obtained 
from Ti-Zr binary alloys with various Zr contents 
 
 
The results of measured leakage currents exhibit similar trends. The alloy with 
50at.% of Zr shows the lowest leakage current (Figure 3-5). The leakage current 
through the oxide on pure Ti specimen is really high (about 2mA for a 30V-formed 
anodic film). On pure Zr the 30-Volts-formed anodic ZrO2 film allows a relatively 
high leakage current while the Ti-Zr alloys show significantly reduced leakage 
currents.   
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Figure 3-5. Leakage current through 30V-formed anodic oxide films on Ti-Zr binary 
alloys measured at full and derated voltages 
 
 
The anodic oxides on Ti-40 at.% Zr and Ti-50 at.% Zr are more resistive than 
those of the other binary alloys. It may be due to the stabilized amorphous structure in 
the oxides formed on these alloys. In general, the low electron conductivity may be 
caused by the amorphous oxide structure. The amorphous anodic TiO2 film has low 
anodizing current in its early stage of anodization (chapter 2). Habazaki et al., 
reported that the amorphous oxide can be formed on Ti-37.5 at.% Zr alloy. It can be 
assumed that the Ti-40 at.% Zr and Ti-50 at.% Zr specimen may also have developed 
the amorphous oxide film in a 1% phosphoric acid electrolyte. It is subject that merits 
further investigation.   
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3.4 Conclusions 
 
Zirconium was used as an alloy element with titanium to increase the resistivity 
of thin anodic oxide on binary Ti-Zr alloy. A series of anodizing and leakage current 
measurements in DC potentiodynamic polarization, potentiostatic polarization 
experiments were performed to investigate the electrochemical properties of the 
anodic oxide films on binary alloys with various Zr contents.  
The results that all Ti-Zr binary alloys as well as pure Ti and Zr show passive 
behavior at low potential, i.e., under about 1.3 VSCE. However, in the transpassive 
region that is affected by oxygen evolution the anodizing and leakage current vary 
significantly. Whereas pure Ti exhibits a rapid current increase in the transpassive 
region, the oxide films on Ti-Zr alloys exhibit only a gradual increase with applied 
potential. In particular, the Ti-40at.% Zr and Ti-50at.% Zr alloys show little increase 
in current density, which means their oxides are good electric insulators and may be 
suitable as low-leakage-current dielectrics. 
In potentiostatic polarization tests all Ti-Zr alloys as well as pure zirconium 
exhibit passive anodic oxidation; upon reaching the pre-selected anodization voltage 
(30V) the current drops rapidly with logarithmic time dependence. Ti-50at.% Zr 
showed the smallest passivation current, that is, its oxide has the highest resistivity.  
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Chapter 4  Synthesis of NM-Porous Ti-Zr Alloys 
 
4.1 Introduction 
The energy density of an electrolytic capacitor is controlled by the volume 
fraction of its energy-storing dielectric [119]. The dielectric is an oxide film formed 
by anodizing whose thickness is proportional to the anodizing voltage and inversely 
proportional to its dielectric strength. For a typical electrolytic capacitor, e.g., one 
that is anodized to 30 Volts, the oxide thickness is of the order of 50nm.  To 
achieve a high volume fraction of such oxide film one must provide a metal 
substrate that is surface-enhanced and provides a large anodizable surface area. 
Optimal geometrical forms of capacitor anodes are in the range from thin films to 
interconnected thin fibers or fine-porous metallic sponges. In each case the cross-
sections of the film, fibers or sponge branches must satisfy a minimum thickness on 
which a stable oxide film can be grown by anodic conversion of the metal’s surface 
layer. Empirically, the metal substrate film or fiber or branch cross-sections should 
have a thickness between two- to ten-times the anodized film thicknesses. For the 
example of a 30V-anodized Ti-Zr alloy electrolytic capacitor, this means branch 
diameters of the order of 100 to 500nm. Additionally, to preserve paths for 
interpenetrating electrolyte an interconnected pore structure of similar dimensions 
is desired. A proven form for a capacitor anode is that of an open-porous, 
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interconnected metal sponge. Our objective was/is to synthesize such anode 
geometries of Ti-Zr alloy. 
Sintering of fine-branched sponge-powder is one method to fabricate a porous 
structure. It is a process to fabricate metal or ceramic objects by bonding individual 
particles at their contact points by diffusion. At certain temperature, which is 
sufficiently high to bond but not to cause melting down, the particles contact and 
form necks at their junction by diffusion [120]. In order to sinter Ti anode material 
with high porosity, spacers materials such as polymers [121], salt particles [122] or 
other insoluble metals [123] [124] can be used to preserve interstices between the Ti 
particles. After sintering, the spacer substances are removed by vaporization or 
selective dissolution. The “spaces” that were occupied by spacers remain as pores. 
The pore size and the neck diameter of bonded Ti particles is influenced by factors of 
the sintering process such as temperature, time, and the amount and size of spacers 
used [125] [126] [127]. Sintering process is the process used in commercial 
fabrication of Ta capacitor anodes. The porosity as well as the size of the tantalum 
particle branches depends on the initial particle size of starting powder. To sinter 
nano-porous structure with high surface/volume ratio, one needs to start from metal-
sponge particles that have nano or sub-micrometer size.  
Calciothermic reduction can also be used to form a porous anode for the 
electrolytic capacitor. Since it is a pyrometallurgical process that reduces or extracts 
metal from metal compounds, pure surface-enhanced metal particles can be obtained. 
It is normally accomplished at high temperature using calcium's very high affinity to 
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oxygen. Titanium can be reduced from TiO2 by calciothermic reduction; 
 
TiOଶሺݏሻ ൅ 2Caሺݒሻ ՜ Tiሺݏሻ ൅ 2CaOሺݏሻ (4-a)
 
Fabricating Ti sponge anode for the capacitor by calciothermic reduction is 
based on the above reaction (4-a). Ki oxidized pure titanium wires in the air to form a 
polycrystalline TiO2 layer on its surface. Subsequently, the oxide layer on the Ti wire 
was reduced by calcium in the hermetically sealed Ti retort [73]. Open porous 
structure of titanium was consequently formed on the titanium wire substrate. Chen 
used sintered porous Ti bar as a frame structure instead of titanium wires to obtain 
even higher porosity [74].  
An electrochemical reduction process to extract pure Ti from TiO2 is another 
option to synthesize the porous Ti structure. According to Chen and colleagues [128] 
[129], the externally applied potential can be a driving force of reducing TiO2 in 
electrochemical cell system. They constructed electrochemical cell that can be heated 
up to melt CaCl2 salt. Graphite rods were used as anode, and TiO2 as a cathode. At the 
temperature of 900-1100˚C, calcium chloride was melted down and 
electrocalciometric reduction (reaction (4-a)) took place on the cathode; TiO2 was 
reduced to form Ti sponge structure. Calcium oxide was also formed, and yet oxygen 
ionization occurs. Thus, it could be described as follows;  
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x CaO ՜ x Caଶା ൅ x Oଶି (4-b)
x Caଶା ൅ 2x eି ՜ x Ca (4-c)
 
On the anode, the oxygen ions produced from above reaction (b) had a reaction 
to produce either CO or CO2 or mixture on the surface of carbon anode. 
 
C ൅ 2 Oଶି ՜ COଶ ൅ 4 eି (4-d)
C ൅ Oଶି ՜ CO ൅ 2 eି (4-e)
 
Thus, the net reaction for the electrochemical reduction process to synthesize Ti 
sponge structure is, 
 
TiOଶ ൅ C ՜ Tiሺݏሻ ൅ COଶሺ݃ሻ (4-f)
 
Therefore, from the electrochemical reduction process, pure titanium can be 
obtained. Chemical conversion of halides could be one of the methods to extract pure 
titanium metal. Since Kroll proposed the very effective pyrometallurgical process that 
was named after the inventor [130], several modified processes have been suggested 
to make the Kroll process better. Including the original Kroll process (Mg+TiCl4), the 
combination of alkaline earth metal and halogenated titanium compounds could be 
very efficient method to extract titanium metal, especially for purity and economical 
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efficiency aspects.  
In the Kroll process a porous pure metal structure with micrometer-sized 
particles and branches can be obtained. Considering that titanium sponge materials 
with microscale particles has been widely applied in various engineering applications, 
synthesizing Ti porous structure is very important process in modern metallurgy, and 
calcio or magnesio-thermic reduction method using titanium halides could be one of 
the easiest way to synthesize the porous structure. 
The Kroll process uses volatile liquid of TiCl4 that is obtained from mineral ores 
via chlorination. By magnesiothermic reduction, TiCl4 can be reduced. 
 
TiClସሺݒሻ ൅ 2Mg ሺ݈ሻ ՜ Ti ሺݏሻ ൅ 2 MgClଶ ሺݏሻ (4-g)
 
The reduced pure Ti metal is subsequently separated from remained MgCl2 by 
vaporization or leaching or acid treatment. During reduction process the space 
occupied by MgCl2 becomes porosity after its removal. The Kroll process is to extract 
pure titanium as a porous Ti sponge. Similar method has been developed by Kapoor 
using ZrCl4 instead of TiCl4 to form porous zirconium [131]. 
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In this study, magnesiothermic reduction process was used to form porous 
capacitor anode. Not only titanium tetraiodide but also zirconium tetrachloride was 
used to reduce pure Ti-Zr alloy material. In order to form the porous anode with high 
specific surface area, particle size was controlled by reduction temperature and time. 
After finishing CVD process, pyro-vacuum distillation was carried out in order to get 
rid of byproducts and remained molten magnesium. The morphology and particle of 
the porous structure were observed by scanning electron microscopy (SEM), and 
chemical composition was analyzed by energy dispersive X-ray spectroscopy (EDS) 
and X-ray diffraction (XRD). 
 
 
4.2 Experimental Process Design 
4.2.1 Magnesiothermic Reduction of TiI4 and ZrCl4 
Magnesium was used as the reducing agent. Titanium tetraiodide (TiI4) and 
zirconium tetrachloride (ZrCl4) were used as pre-starting materials. Both are solid at 
ambient temperature and pressure, although somewhat volatile and corrosive in the air, 
they were relatively easy to control and were placed together into a reaction chamber. 
The magnesiothermic reduction in this research is described by reaction 4-h, 
 
0.5 TiIସሺݒሻ
0.5 ZrClସሺݒሻ ൅ 2 Mg ሺ݈ሻ ՜
0.5 Ti ሺݏሻ
0.5 Zr ሺݏሻ ൅
MgIଶ ሺ݈ሻ
MgClଶ ሺ݈ሻ (4-h)
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where v, l, and s mean vapor, liquid, and solid phases. The halides salts, TiI4 and 
ZrCl4, were used to form Ti-Zr alloy sponge. The temperature and the 
thermochemical data of the substances in the reactions are shown in table 4-1 [132]. 
The Gibbs free energies of the reduction reactions are negative when molten 
magnesium is used. The reduction temperature in this study was chosen to form a 
range of morphological dimension in the final sponge products. Selected temperature 
conditions in table 4-1 are lower than those of industrially-used Ti or Zr extraction 
process to decrease growth rate of reduced Ti-Zr alloy particles and to form coarse-
porous final product.  
 
 
Table 4-1. Thermochemical data of substances used in the magnesiothermic reduction 
of TiI4 and ZrCl4 [132] 
 temperature (K) ΔG˚reaction (kJ/mol) ΔH˚reaction (kJ/mol)
magnesiothermic 
reduction 
TiI4 
1000 -266.636 -392.306 
1100 -254.361 -386.221 
1200 -242.766 -376.034 
ZrCl4 
1000 -209.819 -327.310 
1100 -198.280 -322.971 
1200 -187.361 -314.818 
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4.2.2 Vapor Pressure of Titanium and Zirconium Halides 
According to equation 4-h, both halides are transformed to gas phase during the 
heating process. Several studies exist on the vapor pressure of liquid titanium 
tetraiodide and zirconium tetrachloride [133] [134]. According to these studies, the 
vapor pressures of the liquid halides are represented by equation 4-i and 4-j.  
 
Titanium tetraiodide [133]:  
 
log PሺmmHgሻ ൌ െ ൬3054T ൰ ൅ 7.5773 (4-i)
 
Zirconium tetrachloride [134]:  
 
log PሺmmHgሻ ൌ െ ൬260004.57T ൰ ൅ 12.30 (4-j)
 
The curves of vapor pressure of each salt are plotted in figure 4-1. For plotting 
process, Wolfram Mathematica 8.01 was used. The boiling and melting points of both 
salts are indicated in figure 4-1. Also, the crossover point of the vapor-pressure curves 
is marked in the graphs. Numerical information is shown in table 4-2.  
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Table 4-2. Vapor pressure of TiI4 and ZrCl4 as a function of temperature 
 TiI4 ZrCl4 
Melting Point 423K(150˚C) 
710K(437˚C)  
(19,000 torr, vapor pressure)
Boiling Point 650K(377˚C) 
604K(331˚C) 
(760 torr, vapor pressure) 
Crossover Point 557.99K(284.99˚C) @127.05 torr* for each salts 
*calculated from eq. 4-i, and eq. 4-j. 
 
 
 
Figure 4-1. Vapor pressure curves of TiI4 and ZrCl4 as a function of temperature 
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As shown in figure 4-1 and table 4-2, the vapor pressure curves of TiI4 and ZrCl4 
crossed at 557.99 K(284.99 ˚C) and 127.05 torr. This temperature (558 K) was chosen 
as a vaporization temperature for the halides to obtain an initially equal vapor 
pressure for each substance in the reaction chamber. 
 
 
4.2.3 Process Description for Ti-Zr Alloy Synthesis from TiI4 and ZrCl4 Starting 
Materials 
Schematic diagrams of the process are shown in the figure 4-2. During the initial 
stage of the process, all reactants, TiI4, ZrCl4 and Mg, are at room temperature in an 
evacuated chamber (figure 4-2 (a)). They have low vapor pressures (less than 20 
mtorr). The following procedure was developed:  
 
i. The temperature was increased to the crossover point, 558K (285 ˚C) to 
vaporize each halide. Each could form a partial vapor pressure as high as 
127.05 torr. After 3 hours of temperature hold at 558 K the halides were fully 
vaporized and in the gas phase. 
 
ii. Argon gas was now filled into the chamber until the total gas pressure in the 
chamber increased to 760 torr (1 atm) (figure 4-2 (b)). 
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iii. The temperature in a small reaction zone holding the magnesium substrate 
was increased to 923 K (650˚C) to melt the magnesium (figure 4-2 (c)). The 
remainder of the retort chamber remained at the lower temperature. The total 
gas pressure increased to slightly more than 1 atm. The reduction reaction 
now proceeded between the molten Mg substrate and the TiI4 and ZrCl4 
vapors (equation 4-h). 
 
iv. Metallic titanium and zirconium or Ti-Zr alloy particles nucleated most likely 
at the surface of the molten magnesium and being wetted by the liquid 
magnesium may drop below the surface of the Mg (figure 4-2 (d)). 
Concurrently, MgI2 and MgCl2 were formed as by-products. An excess 
amount of magnesium, approximately twice the stoichiometric amount of Mg 
needed for the reduction reaction, was used for the process. The excess 
molten Mg can act as a liquid bath that can provide surface sites where the 
reduction reaction takes place and can also serve as a reservoir to hold the 
reduced Ti-Zr particles/clusters in a temporary suspension.  
 
v. The assumption is made that reduction, nucleation and growth of Ti-Zr 
particles occur at the surface of the molten Mg and gradually consumes the 
magnesium starting at the top surface. The reaction continues until all TiI4 
and ZrCl4 vapor is consumed (reduced). During the reaction, Ti-Zr alloy 
particles are formed with an average 50%/50% composition but the localized 
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compositions may vary depending on location. It is likely that during 
aggregation and diffusion-bonding of the local concentration variations could 
homogenize by inter-diffusion since the diffusion distances are small 
(ranging from about twenty nm to less than 1 micrometer). The aggregated 
alloy particles are shown in figure 4-2 (e)(f). After completion of the reaction 
argon is evacuated from the chamber to about 10-3 torr vacuum. This enables 
vacuum distillation at 923 K from the specimen, i.e., removal of MgI2 and 
MgCl2 from the Ti-Zr alloy particle cluster (figure 4-2 (g)) and their 
deposition on a cooler part of the retort. After 9 hours of distillation, the 
entire chamber is cooled to room temperature and opened. Disc-shaped 
specimens of Ti-Zr sponge were obtained and are shown in figure 4-2 (h). 
 
Since the objective of this research was to obtain the open porous structure of Ti-
Zr alloy with fine particle or branch-size, relatively low temperatures and times were 
chosen for the reduction process to restrain the growth and sinter-densification of the 
alloy particles. Experimental conditions of low reduction temperature with short 
reaction times were chosen. This is different from commercial Kroll processing, 
which is ordinarily operated at high temperature for a long time to result in 
complete reaction in a relatively large volume, and which generally results in a rather 
coarse-porous final product [135] [136].  
According to Murray [137], titanium and zirconium form a continuous range of 
solid solutions of BCC β-phase at elevated temperature and of α-phase at low 
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temperature. For Ti-50%Zr the α/β transformation occurs at 808K (535˚C). Luz et al. 
reported the formation of a solid solution in titanium + zirconium particles during 
sintering in the β region. At the lower temperatures (in the α-phase field) the rate of 
inter-diffusion was slow and so-formed alloy was partially inhomogeneous [138]. In 
the present work the homogenization would taken place in the β-phase filed, well 
above the transus temperature. In the present work we could experimentally verify 
that homogeneous Ti-Zr alloy was obtained in the synthesized fine-particle, fine-
porous sponge samples even at the lowest processing (reduction) temperature of 923 
K.  
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Figure 4-2. Processing stages during magnesiothermic reduction of TiI4 and ZrCl4 
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Figure 4-3. Phase diagram of Ti-Zr phase binary alloy [137]. The reduction and 
aggregation processing of Ti-Zr particles were done  
between 923 K (650˚C) and 1073 K (800 ˚C) 
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4.3 Experiments 
4.3.1 Sample Preparation 
Figure 4-4 shows a process of sample preparation. Mg pellets (99.95%, from Kurt 
J. Lesker Co.) were filled in a pressing die, and a magnesium disc was molded by die 
pressing. The Mg disc was mechanically polished with 4000 grit SiC paper to smoothen 
its surface. A disc-shaped titanium wire mesh (of CP grade 2 Ti-wire, Φ0.299 mm, 
24×24 wires/inch, from Unique Wire Weaving Co.) of the same diameter as the molded 
Mg disc was prepared and pressed into the magnesium disc. The Ti mesh was used as a 
frame that later supported the reduced alloy sponge. Final dimension of Mg disc with Ti 
mesh frame is Φ19.05mm×1mm thickness. The weight including mesh frame is about 
2.2g on average. Commercially available TiI4 (99.9%, Alfa Aesar) and ZrCl4 (99.5+%, 
Alfa Aesar) were used as reactants. 1.25g of TiI4 (0.00225 mol) and 0.524g of ZrCl4 
(0.00225 mol) were weighed in the Ar chamber and put in the tray with Mg disc. 
 
 
Figure 4-4. Sample preparation of Mg disc with Ti mesh frame 
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4.3.2 Experimental Apparatus 
A schematic diagram of the experimental apparatus for the chemical vapor 
deposition process is shown in Figure 4-4. Since stainless steel could be attacked by 
the corrosive halide salts, the body of the vacuum chamber is made up of a double-
walled cylinder tube; stainless steel on the outside and titanium for inside. Also, the 
system has a titanium blocking disc that is controlled by external mechanical feed-
through. It can be moved to block or open the entrance of the inside Ti tube. The 
entrance is opened during pyro-vacuum distillation process.  
 
 
 
Figure 4-5. Diagram of the experimental apparatus for magnesiothermic reduction of 
TiI4 and ZrCl4 
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4.3.3 Experimental Procedure 
Table 4-3 shows experimental procedure and condition. Before starting heating, 
Mg disc and the Ti- and Zr- halide salts were put on the tray and placed into the heat 
zone of the chamber. Initially, it was evacuated to 0.02 torr. Then, the inside titanium 
cylinder tube where the specimens were placed was closed by the blocking 
mechanism. Simultaneously, temperature of the surrounding cylindrical furnace was 
heated up to 558K (285˚C). It was held for 3 hours to vaporize the halide salts.  
When the halide salts were completely evaporated after 3 hours of temperature 
holding, the temperature of the cylinder portion with the Mg specimen was heated to 
the higher reduction temperature. Three temperature conditions were used for 
reduction: 923K (650˚C), 973K (700˚C) and 1073K (800˚C). To prevent Mg 
vaporization, the overall chamber pressure was adjusted to760 torr (1 atm) by Ar gas 
filling.  
After 9 hours of reduction, the blocking disc was opened for the vacuum 
distillation to take place by keeping the temperature constant in the reactor portion 
and opening an exit to a cooler evacuated chamber portion. The vacuum distillation 
removes remaining metallic magnesium and the by-products, MgI2 and MgCl2 from 
the Ti-Zr sponge samples. The distilled magnesium and by-products were condensed 
on the internal surface of the chamber’s cool zone. Empirically, 9 hours of vacuum 
distillation was enough to get rid of the unwanted by-products. After finishing the 
distillation, the chamber was cooled down to room temperature. The samples could 
then be safely removed.  
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To investigate the effect of reduction time on the alloy particle size, the 24 hour 
reduction at 1073K was also carried out. The result was compared with the 9 hour 
reduction at 1073K.  
 
Table 4-3. Experimental process conditions during Ti-Zr sponge synthesis  
Stage Temperature [K] Initial Pressure [Torr] Time [hours] 
Initial Vacuuming 298 (25˚C) 0.02 0.5 
Vaporization of Halides 558 (285˚C) 0.02 3 
Magnesiothermic Reduction 923 (650˚C) 
/973 (700˚C) 
/1073 (800˚C) 
760 9/24 
Vacuum Distillation 0.02 9 
Cooling Down 298 (25˚C) 0.02 12 
 
 
4.3.4 Analyses of Synthesized Alloy Specimens 
Scanning electron microscopy (SEM; Helios Nanolab 650) was used to study 
surface morphology of the sponge specimens. The branch size distribution was 
performed using analyzing software (Particle Analyzer, ImageJ). Also energy 
dispersive x-ray spectroscopy (EDS) was carried out. Information on lattice-plane 
spacings of the spongy alloys was obtained by powder x-ray diffraction (XRD; 
Discover D8 instrument by Bruker) operating at 35kV and 25mA with Co Kα1 source 
(characteristic Kα1 wavelength of 1.789Հ). The scan results were recorded over a 
(2θ)-diffraction-angle range from 30˚ to 90˚ with a 0.05˚/sec scan rate. The measured 
diffraction patterns were calculated to obtain d-spacing values for Co Kα1 relative to 
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referenced Cu Kα1-based data in JCPDS database. The software (PCPDFWIN) was 
used. Two peaks of interest, (100) and (002), were selected from the patterns to 
determine the lattice parameters, a and c, of the synthesized Ti-Zr sponge and Ti-Zr 
bulk alloy specimens. Equation 4-1 was used to calculate the a- and c- lattice 
parameters, i.e., the interplanar spacing of {100} and (001) planes (Miller notation) or 
{21ത1ത0} and (0001) planes (Miller-Bravais notation) in the hexagonal structures of the 
present alloys. These parameters were then compared to the literature values of a and 
c for Ti-Zr alloys shown in figure 4-16.  
 
1
݀ሺ௛௞௟ሻଶ
ൌ 43 · ቆ
4݄ଶ ൅ ݄݇ ൅ ݇ଶ
ܽଶ ቇ ൅
݈ଶ
ܿଶ (4-1)
 
 
4.4 Results and Discussion 
4.4.1 SEM Study of Surface Morphology of Ti-Zr Alloy Sponge 
4.4.1.1 The Overall Shape of the Sponge 
A Ti-Zr alloy sponge specimen, synthesized at 923K, is shown in figure 4-6. It 
was made by magnesiothermic reduction of Ti and Zr halide salts on a pressed 
magnesium disc with Ti-wire-mesh. After pyro-vacuum distillation process a fine 
porous alloy sponge was obtained attached to a Ti-mesh frame. Under (white) 
daylight the color of the reduced sponge is dark gray or black. This is because the 
incident light is mostly absorbed in the sub-micrometer porosity of the alloy sponge. 
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Figure 4-6. Photographs of the Mg disc specimen with impressed Ti-mesh frame 
before (left) and after (right) synthesis of Ti-Zr alloy sponge. 
 
 
 
 
Figure 4-7. SEM micrograph of Ti-Zr sponge synthesized at 973K on a Mg disc that 
was impressed with a titanium mesh; Magnification ≈100×  
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Figure 4-7 is a SEM micrograph of synthesized Ti-Zr alloy sponge at a moderate 
magnification (100×). The Ti-Zr alloy sponge has filled the rectangular (797μm × 797 
μm) spaces of the titanium wire mesh and has also grown on top of the framework of 
the wire mesh. A cross-section of the Ti-Zr alloy sponge was prepared by focused ion 
beam (FIB) milling; figure 4-8 shows the image of the three-dimensional structure. 
Thin alloy branches with porosity reach into the interior of the sponge. Particles of 
various shapes and sizes appear to have accumulated (irregularly) and have formed an 
interconnected sponge cake through sinter-bonding at the contact points. The pores 
are also interconnected and form a continuous pore volume that is open to the outer 
surface. Some tiny pores appear to have remained as closed voids. 
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Figure 4-8. View of cross-section through Ti-Zr alloy sponge synthesized at 973K. 
The cross-section was prepared by FIB milling. 
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4.4.1.2 The Role of Reduction Temperature on the Alloy Microstructure, in 
Particular on Branch and Pore Sizes  
Figure 4-9, 10 and 11 show SEM micrographs of Ti-Zr alloy sponges 
synthesized at different temperatures; 923K (650˚C), 973K (700˚C) and 1073K 
(800˚C). Irrespective of the reduction temperature, most particles have globular or 
near-spherical shapes. They have bonded together and form clusters. Pores can be 
regarded as empty space that was formerly occupied by the reaction by-products, 
MgI2 or MgCl2, and then removed by distillation. Assuming no volume shrinkage of 
the sponge structure during vacuum distillation the pore volume would theoretically 
be the same as the volume of the by-products. With this assumption the volume ratio 
of Ti-Zr sponge to empty space can be calculated from above equation 4-h to be about 
1 : 8.43 for the reduction with magnesium. The observed porosity in figure 4-8 was 
much less. Although it was not quantitatively measured the ratio appears to be closer 
to 1:1. One can conclude that the pore volume shrank during the sinter-process that 
accompanied the vacuum distillation.  
Surface morphology and porosity are related to the size (or branch diameter) of 
alloy particles, which is affected by the processing temperature. Figure 4-9 shows 
SEM results of Ti-Zr sponge synthesized at 923K. For the magnesiothermic reduction 
to take place at a relatively rapid rate liquid magnesium is required. 923K is the 
temperature at which pure Mg can be melted. The so-formed Ti-Zr sponge exhibits a 
uniform distribution of fine alloy particles. When the processing temperature is 
increased to 1073 K, the particle size increases (figure 4-9, 10 and 11). 
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The particle size distribution can also be affected by temperature. While most of 
the particles in the alloy sponge formed at 923 K are of relatively uniform size and 
are connected to one another with narrow necks (figure 4-9, 10), the alloy sponge 
synthesized at 1073 K shows larger and more irregular particle sizes (figure 4-11). 
Also the packing of the alloy particles is in some areas densely packed and in other 
areas loosely packed, presumably stemming from non-uniform agglomeration. Table 
4-4 and figure 4-12 show the particle size distribution. The particle size distribution 
of 1073 K synthesized material is wider than the ones synthesized at 923K and 973K. 
Similar relations between processing temperature and size distribution have been 
reported in the literature [139] [140]. The irregular particle growth at the higher 
temperature can be explained in part of grain coarsening when solid/liquid interfaces 
enable mass transport, such as during ‘Ostwald ripening’ in which coarser particles 
grow at the expense of smaller particles [141]. In the present experiments the particles 
are coarsened in the excess liquid Mg matrix phase. Sahu et al., pronounced on the 
findings of their research that Ostwald ripening is the dominant mechanism by which 
particles coarsen more at relatively high temperature and cause the size distribution to 
be wider [142].  
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(a) 
 
(b) 
 
Figure 4-9. SEM micrographs of Ti-Zr sponge synthesized at 923K; 
(a) 400× magnification, (b) 3,000× magnification 
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(c) 
 
(d) 
 
Figure 4-9. (continued) SEM micrographs of Ti-Zr sponge synthesized at 923K; 
 (c) 10,000× magnification, (d) 30,000× magnification 
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(a) 
 
(b) 
 
Figure 4-10. SEM micrographs of Ti-Zr sponge synthesized at 973K; 
(a) 3,000× magnification, (b) 10,000× magnification    
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(a) 
 
(b) 
 
Figure 4-11. SEM micrographs of Ti-Zr sponge synthesized at 1073K; 
(a) 3,000× magnification, (b) 10,000× magnification 
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Table 4-4. Branch and pore size distribution of Ti-Zr alloy sponges formed at various 
reduction temperatures 
 
Processing 
temperature 
(K) 
Size distribution of sponge branches (μm) 
Size range Average size Standard deviation 
magnesiothermic 
reduction 
923 0.059 ~ 0.165 0.103 0.029 
973 0.068 ~ 0.318 0.213 0.042 
1073 0.507 ~ 2.097 1.285 0.364 
 
 
 
Figure 4-12. Feature size distribution of reduced Ti-Zr alloy sponge 
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(a) 
 
(b) 
 
Figure 4-13. SEM micrographs of Ti-Zr sponge synthesized at 1073K  
for 24 hours of reduction (a) 3,000× magnification, (b) 10,000× magnification 
 144 
 
4.4.1.3 The Role of Reduction Time on the Alloy Microstructure, in Particular on 
Branch and Pore Sizes   
Figure 4-13 shows SEM micrograph of Ti-Zr sponge material synthesized by 
reduction at 1073K for about 24 hours. The surface morphology is different from the 
image of the sponge formed during 9 hours of reduction-processing. The alloy 
particles may have more time to grow, connect and bond to one another during the 
longer reduction process and form a more-conglomerated structure. Compared with 
the particles of the 9-hours processed specimen (figure 4-11), the particles in the 24-
hours processed specimen (figure 4-13) are more agglomerated, and the amount of 
pores in the sponge structure has decreased. Sintering process model for the porosity 
p applied using equation 4-2 [120]. It shows a logarithmic dependence of porosity p 
on time t at constant temperature. 
 
݌ െ ݌଴ ൌ ln ݐݐ଴ (4-2)
 
where p0 and t0 mean porosity and time at the beginning of isothermal sintering. 
From the initial value of p0, the porosity decreases logarithmically with sintering time. 
With increasing time the particles become more agglomerated to form a well 
interconnected sponge, and the porosity is decreased.  
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4.4.2 Chemical Analyses of Synthesized Porous Ti-Zr Alloys 
Figure 4-14 shows the spectra of energy dispersive x-ray spectroscopy (EDS) of 
Ti-Zr specimens synthesized at 923 K and 1073 K. In the spectra, intensity peaks are 
observed that are characteristic of each alloy element, Ti and Zr. A small Al-K peak is 
caused by the aluminum specimen holder and can be ignored.  
XRD analyses were also performed on the synthesized sponges. The XRD 
diffraction patterns for Ti-Zr alloy sponge synthesized at 923 K and 1073 K are 
shown in figure 4-15. It also includes a reference diffraction pattern for the Ti-50at.% 
Zr bulk specimen that was used for electrochemical tests. Additionally, published 
(standard) diffraction patterns for pure Ti and pure Zr are included for comparison. 
According to Ti-Zr equilibrium diagram [137], both titanium and zirconium are 
completely miscible in all phases. The Ti-Zr alloys sponge specimens synthesized at 
923K and 1073K show sharp peaks from crystalline α-(Ti-Zr) phase (hcp). Ti-Zr 
sponge synthesized at 1073 K correspond to the pattern of the Ti-50at% Zr bulk 
specimen, while the peaks from the one synthesized at 973K slightly shifts to low 
diffraction angle compared to the pattern of the Ti-50at% Zr bulk specimen.  
 The measured XRD diffraction peak angles were used to calculate specific 
lattice-plane spacings and the lattice parameters. Table 4-5 shows the results. The 
experimentally determined lattice parameters of each the Ti-50at.% Zr bulk specimen 
and of the Ti-Zr sponge specimen synthesized at 1073K correspond approximately 
with literature values for Ti-Zr alloy. The lattice parameter of the 923K-synthesized 
Ti-Zr sponge specimen is slightly larger than the literature value for a stoichiometric 
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50/50 alloy. It means the sponge has a slightly higher Zr-concentration. Comparison 
with published lattice parameters in figure 4-16 indicated best match with a Zr-
concentration of 55 at.% [143] [144]. The deviation from 50/50 may be associated 
with variations of the actual vapor pressures of TiI4 and ZrCl4 during the synthesis 
process.  
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(a) 
 
(b) 
Figure 4-14. Spectra of EDS of Ti-Zr sponge synthesized at 
(a) 923K, (b) 1073K, 9 hours reduction 
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Figure 4-15. XRD diffraction patterns measured with Co Kα1 incident beam 
(λ=1.789Հ) of pure Ti and Zr specimens, Ti-Zr binary alloy bulk specimen, and Ti-Zr 
sponge synthesized at 923K, and 1073K. 
 
 
 
 
 
 
 
 
 
 
Table 4-5. Lattice parameters of Ti-Zr alloys determined from XRD results. 
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Comparison with published lattice parameters of binary Ti-Zr alloys, shown in figure 
4-16, enables an estimate of the composition of the synthesized alloy sponges.  
Ti-50at.% Zr 
Ti-Zr bulk 
specimen 
Ti-Zr alloy sponge synthesized at Literature value
923K 1073K [143] [144] 
a [nm] 0.3094 0.3103 0.3096 0.3091 
c [nm] 0.4933 0.494 0.492 0.493 
 
 
 
 
 
Figure 4-16. Ti-Zr Lattice parameter for cph (αTi, αZr) solid solution alloys by 
Duwez (1952) [143], and Madelung (1998) [144] 
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According to Brunsch and Steeb [145], diffusion coefficient values for the 
diffusion of titanium in β-zirconium and zirconium in β-titanium in Ti-49.5at.% Zr 
binary alloy at 1073 K (800 ˚C) are as follows. 
 
ܦ෩T୧ ൌ 3.2 ൈ 10ିଵ଴cmଶ/sec 
ܦ෩Z୰ ൌ 5.1 ൈ 10ିଵ଴cmଶ/sec 
[145]
 
From formula of diffusion distance over time, ݔ ൌ ඥݐܦ෩, a distance that Ti or Zr 
atoms diffuse into existing Ti-Zr alloy can be calculated. For 1073 K-synthesized Ti-
Zr sponge specimen in this study the total thermal process time was 18 hours (9 hours 
of magnesiothermic reduction + 9 hours of vacuum distillation). The calculated 
distance of Ti diffusion in β-zirconium is about 4 μm, and the distance of Zr diffusion 
in β-titanium is about 5 μm. In comparison with data in table 4-4, the diffusion 
distances are almost twice longer than average particle size of 1073 K-synthesized Ti-
Zr sponge specimen. Ti and Zr atoms have enough high diffusivity to form 
homogeneous Ti-Zr alloy when it is a solid solution.  
Although the experiment was designed to yield a 50/50 ratio of Ti and Zr, the 
actual local partial pressures of starting halides and the individual sticking 
coefficients during reduction and nucleation of Ti- and Zr-metal may have caused the 
composition of sponge particles to vary somewhat between early and later-formed 
particles. 
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The electrochemical test results in Chapter 3 have shown relatively low leakage 
current for anodic Ti-Zr oxide films and exhibited higher resistance to oxygen 
evolution when the Zr content was between 40at.% to 60at.%. Therefore, an observed 
deviation of 5% in synthesized sponge specimens from the envisaged 50/50 
stoichiometric composition is in the acceptable range for low-leakage capacitor 
anodes. 
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4.5 Conclusions 
 
Porous Ti-Zr nanostructure was synthesized by magnesiothermic reduction and 
sinter processing under controlled temperatures and partial pressures of the reactants. 
Titanium tetraiodide and zirconium tetrachloride were used as starting materials, and 
magnesium was used as the reducing agent. The ratio of two halides was determined 
based on the intention to form a Ti-50at.% Zr alloy in a fine-porous sponge anode. 
This was based on the earlier electrochemical test results showing lowest leakage 
currents through anodically formed oxides on alloys ranging from Ti with 40 to 60at.% 
Zr. A reactor for chemical conversion processing was designed for simultaneous 
reduction of TiI4 and ZrCl4 vapors on a liquid magnesium substrate and for 
subsequent vacuum-distillation of volatile reaction products. 
The experiments yield clean Ti-Zr open-porous sponge specimens. The 
synthesized alloy sponges were analyzed by SEM and particle size analysis. 
Depending on the chosen process parameters, mainly temperature and time, the 
average particle and sponge-branch sizes ranged from one-hundred nanometers to a 
few micrometers. The alloy sponge samples contained interconnected open porosity 
formerly occupied by by-products of the reduction reaction. From the chemical 
analyses by EDS and XRD it was confirmed that relatively homogeneous Ti-Zr alloy 
sponges were synthesized for all experimental temperature conditions.  
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Chapter 5  Anodization of NM-Porous Synthesized 
Ti-Zr Sponge and Testing of the Anodic (Ti-Zr)O2 
Films as an Electrolytic Capacitor Anode 
 
5.1 Introduction 
The anodic TiO2 film can be considered as a dielectric of the electrolytic 
capacitor due to its advantages; high relative permittivity [5] [62] [63], low density, 
and low price [22]. However, since it has high leakage current, the anodic TiO2 film is 
less attractive to be applied to the commercial capacitors [22] [23]. According to the 
studies hitherto discussed in the above chapter 2, the amorphous-to-nanocrystalline 
transition occurs during oxide growth at specific anodization condition (Table 2-2). 
With long time anodization, the initial amorphous TiO2 layer changes to anatase that 
provides conductive pathways for electron charges. The current flow is called leakage 
current. To reduce the leakage of the anodic titanium oxide film, zirconium was 
considered as an alloy element in the present dissertation. Also, a new method to 
synthesize porous sponge anode was developed. In order to synthesize fine particles 
as possible, the reduction condition was controlled to reduce growth of the particles.  
As mentioned above chapter 4, surface morphology and particle size now 
became an important factor to increase amount of energy stored in the energy storage 
[119]. However, there is a dimensional limitation to reduce particle size or to grow 
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oxide layer. According to Kelly et al., the oxide layer should be less than half of 
porous structure’s dimension [146].  
 
݀ ൑ ܦ2  (5-1)
 
thus, it could be below, 
 
ܦ ൒ 2݀ (5-2)
 
where d is thickness of oxide layer, D is the typical dimension of the porous 
structure. Figure 5-1 shows a schematic diagram about it; if the oxide layer is thicker 
than half of the typical dimension D of the porous structure, than the total capacitance 
would equal to that of a flat electrode (figure 5-1-(b)). Thus in this case, there is no 
effect of enhanced specific surface area in total capacitance. Therefore, the size of 
particle of porous structure has to be designed with considering thickness of the oxide 
layer. If the oxide layer is designed with thickness of several tens of nanometers, then 
the metal porous structure should have at least twice larger dimension than oxide 
layer, which means it would be almost around 100nm of D value. 
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Figure 5-1. Schematic of a porous structure; 
(a) the thickness of the oxide layer, d, is less than half the typical dimension, D, of the 
porous structure, (b) the nanostructure is completed depleted when anodic film 
completely consume their branches of the sponge [146] 
 
 
From the result of the chapter 2, it is confirmed that the oxide thickness was 
about 50nm by 30V of anodization in the 1% electrolytic capacitor. The results 
correspond with previous research [22]. Considering the minimum anodization ratio 
of Ti-Zr alloy that was reported [91], the theoretical thickness of the oxide on Ti-Zr 
alloy could be about 52.5nm. According to Khalil [147], the ratio of the increased 
oxide thickness above the original metal/natural oxide interface to the total oxide 
thickness was 0.35, namely, 35% of oxide layer is formed by cation migration. 
Therefore, in the case of titanium, actual thickness of oxide growth from the original 
metal surface would be about 17.5 nm. Since the minimum dimension of developed 
particle in this research was averagely 103 nm, thus, it satisfies above equation 5-2.  
Assuming that homogeneous oxide film is formed on the porous nanostructure 
by anodization, and thickness is smaller than half of the particle dimension, we can 
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calculate specific surface area from voltage climbing and the transition point during 
potentiostatic anodization. During stage zero, current increase rapidly up to the 
maximum limit, and the oxide film grows linearly [22]. If the surface area is enlarged, 
and the oxide layer forms homogeneously and grows linear, then total amount of 
coulombs for oxidation will be increased. Under constant current in the zero stage, it 
takes longer time to reach transition point (equation 5-3). Therefore, we can compare 
transition point of each specimen and can calculate the specific surface area of porous 
sponge specimen (figure 5-2). 
 
ܳଵ
ݐଵ ൌ
ܳଶ
ݐଶ  (5-3)
 
In this chapter, the thin oxide layer was formed on the developed Ti-Zr alloy 
sponge specimens by anodization. 30V of constant voltage was applied to the Ti-Zr 
sponge specimens in the 1% phosphoric acid electrolyte. Leakage current was 
measured after the oxide film forming. Capacitance and DF were also measured.  
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Figure 5-2. Illustration of potentiostatic anodization  
 
 
5.2 Experimental Procedure 
5.2.1 Ti-Zr Alloy Specimen Selection and Preparation  
The porous sponge nanostructure of the Ti-50at.%Zr binary alloy that is 
synthesized by magnesiothermic reduction was used for the anode material of the 
electrolytic capacitor. Considering effect of specific surface area on the energy 
density of the final capacitor products, specimens with smaller particles size were 
preferred to be anodized. Sponge specimen that are synthesized under low 
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temperature was mainly considered; Ti-50at.%Zr sponges synthesized at 923K, 973K, 
and 1073K. To investigate the effect of Zr content on reducing the leakage current, 
pure titanium sponge synthesized at 1073K was also selected. Additionally, Ti mesh 
that was used for a frame of sponge was selected to be compared with other materials. 
Those results were compared to the potentiostatic polarization test data of standard 
specimen—pure Ti and Zr. The eight selected specimen are shown in table 5-1. 
Each of selected specimens (porous nanostructure specimens and Ti mesh) was 
electrically connected to titanium wire (CP grade 2; Tricor Metals, 0.030″ OD) by 
lab-scale micro-welder (Orion 100C). The wire was then masked by a sealant 
(Silicone Sealant, 3M); thus the Ti wire was not revealed to the electrolyte.  
 
Table 5-1. Anodizing and specimen information 
 Composition Specimen 
(a) 
pure Ti 
bulk 
(b) mesh frame 
(c) porous sponge specimen synthesized at 1073K 
(d) 
50Ti-50Zr 
bulk 
(e) 
porous sponge specimen 
synthesized at 923K 
(f) synthesized at 973K 
(g) synthesized at 1073K 
(h) pure Zr bulk 
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5.2.2 Anodization of Ti-Zr Alloys and Dielectric/Electrochemical Studies 
The wire-connected specimens were anodized by the potentiostatic anodization 
in the 1% phosphoric acid solution (0.17M, 1.42pH). A two electrode cell system with 
pure Ti rods (Φ0.5cm×25cm) was used for anodization. Power supply and digital 
multi-meter (DMM 2000, Keithley) with connected desktop computer was used for 
the anodization.  
The sponge specimen was immersed into the electrolyte for 4 hours before 
anodization to measure open circuit potential. The immersion time is twice longer 
than bulk specimen, because the electrolyte penetrates into small pits or gaps that may 
exist in the sponge specimen. Then, 30V of constant voltage with max 20mA of 
current was applied to the specimen. It was held for 3600 seconds. The current flow 
in the electrochemical cell during anodization was measured and logged to the system. 
The capacitance and dissipation factor (dielectric loss tangent) were measured 
using LCR meter (HP 4262A) at 120 Hz and 1 kHz with 6V bias. Leakage current of 
the anodic oxide film on the porous nanostructure specimen was measured. The 
current was measured at 3V, 5V, 10V, 15V, 20V, and 30V, waiting two minute after 
applying voltage.  
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5.3 Results and Discussion 
5.3.1 Potentiostatic Anodization of Ti-Zr Alloys 
Figure 5-3 shows results of potentiostatic anodization. The ordinate of the graph 
represents the anodizing and anodic self-repair current for specimens. The shapes of 
the curves depend on the composition, microstructure and defects of the growing 
and/or self-repairing oxide dielectric.  Curves of Ti mesh, (b), and Ti sponge 
specimen, (c), are similar to those of pure Ti bulk specimen (a); the current drops 
rapidly after the initial anodization stage, then gradually climbs, forming plateau. 
However, for the four Ti-Zr alloy specimens, including synthesized porous sponge 
specimens, only the expected current drop is observed. (figure 5-3-(d),(e),(f),(g)). 
Transition point when the current starts dropping from its maximum set value is 
important information of this graph. Ti mesh and four sponge specimens exhibit 
longer period of stage zero, while flat specimens that have 1cm2 area for anodization 
show short period of the initial stage. The time of the zero stage is proportional to the 
surface area. More amount of electron charges are needed to form homogeneous 
oxide layer on the enlarged area. Based on the relation between electron charges and 
anodization time in equation 5-3 and known information of the surface area of the 
standard specimen, surface area can be calculated (table 5-2). 
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 Figure 5-3. Graph of current density vs. time during potentiostatic anodization  
at 30V in 1% H3PO4 solution 
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Table 5-2. Transition points during anodic oxide growth by potentiostatic polarization; 
Surface area estimation of anodized alloy sponge samples 
 Specimen Transition point[seconds] 
Estimated Area 
[cm2] 
(a) pure Ti bulk 8 1* 
(b) pure Ti mesh frame 92 11.5 
(c) pure Ti porous sponge, 1073K 276 34.5 
(d) 50Ti-50Zr bulk 8 1* 
(e) 50Ti-50Zr porous sponge, 923K 484 60.5 
(f) 50Ti-50Zr porous sponge, 973K 360 45 
(g) 50Ti-50Zr porous sponge, 1073K 272 34 
(h) pure Zr bulk 8 1* 
* Measured surface area on flat specimens 
 
 
Final level of the anodization current also reflects surface area. In comparison to 
sponge structure synthesized at 973K, (f), and 1073K, (g), the Ti-Zr alloy sponge 
synthesized at 923K, (e), has higher level of anodization current. It must be due to its 
high surface area caused by small particles. Specimen (c), the pure Ti sponge, and (g), 
Ti-50at.%Zr sponge, were synthesized at the same reduction temperature. They 
behave similarly at the early of anodization in the zero stage, showing almost same 
transition point and surface area. However, once it passed the point, specimen (c) 
shows similar behavior with the flat Ti specimen, while specimen, (g), Ti-50at.%Zr 
synthesized at 1073K, behaves like the flat Ti-Zr bulk specimen.  
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Although, it shows lower anodization current as much as the one on the flat Ti-
Zr alloy specimen, (d), the current of specimen (e), the 923K-Ti-50at.%Zr sponge, is 
still high because of its large surface area.  
  
 
5.3.2 Leakage Current, Capacitance and Dissipation Factor of Anodic (Ti-Zr)O2 
Dielectric Films 
Capacitance and dissipation factor are shown in table 5-3 and figure 5-4. 
Without a doubt, Ti sponge shows the highest value of capacitance with very high 
dissipation factor. All three Ti-Zr alloy sponge specimens—(e), (f), and (g)—exhibit 
well improved value of capacitance in comparison to standard bulk Ti-Zr alloy 
specimen. However, they allow increase of dissipation factor, either.  
Franklin [26] suggested a selection limit of maximum leakage current that can be 
allowable for capacitor, which also used for estimation of Ta solid capacitor. The limit 
is 10 nA/μFV. It can be obtained by calculation of measured leakage current, 
capacitance, and applied test voltage for leakage current. As it is shown in table 5-4 
and figure 5-5, all three Ti-50at.%Zr alloy specimens sufficiently satisfy the selection 
limit in any applied test voltage. On the other hand, the flat Ti specimen as well as Ti 
sponge specimen synthesized at 1073K does not satisfy the selection limit.  
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Table 5-3. Capacitance and dissipation factors of synthesized Ti-Zr alloy/(Ti-Zr)O2 
samples 
 Specimen 
Capacitance
[μF] 
weight 
[g] 
C/w 
[μF/g] 
Dissipation 
Factor 
(a) pure Ti bulk 4.570  - 1.719 
(b) pure Ti mesh frame -  - - 
(c) Ti sponge, 1073K 30.000 0.321 93.458 3.150 
(d) 50Ti-50Zr bulk 0.371  - 0.371 
(e) TZ50 sponge, 923K 14.780 0.297 49.764 1.190 
(f) TZ50 sponge, 973K 6.620 0.329 20.122 0.859 
(g) TZ50 sponge, 1073K 4.218 0.313 13.476 0.573 
(h) pure Zr bulk 0.283  - 0.088 
 
 
Figure 5-4. Capacitance and dissipation factor of various sponge specimens 
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Table 5-4. Leakage current of anodic (Ti-Zr)O2 films and its dependence on 
capacitance and voltage  
Leakage Current 
[nA/μFV] 
Test Voltage [V] 
3 5 10 15 20 30 
(a) pure Ti bulk 0.561 4.108 19.975 20.869 24.096 22.604
(c) Ti sponge, 1073K 0.027 0.048 10.238 40.222 29.661 19.759
(d) 50Ti-50Zr bulk 0.329 0.361 0.376 0.494 0.478 0.600 
(e) TZ50 sponge, 923K 0.073 0.053 1.907 2.354 2.935 3.652 
(f) TZ50 sponge, 973K 0.019 0.253 4.161 4.904 5.052 4.251 
(g) TZ50 sponge, 1073K 0.031 0.397 2.367 3.374 3.410 2.725 
(h) pure Zr bulk 0.978 0.947 0.943 1.159 1.687 5.846 
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Figure 5-5. Leakage current with capacitance and voltage of various specimens. 
The red line represents the maximum permissible leakage current selection limit of 10 
nA/μFV, suggested by Franklin [26] 
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5.3.3 Energy Density and Charge Density 
Haas et al. suggested to use a value of charge density to estimate porous 
capacitor anode [16] [17] [18]. It is represented by product of capacitance, the 
reciprocal of weight and maximum anodizing voltage. 
 
݄ܿܽݎ݃݁ ݀݁݊ݏ݅ݐݕ ൌ ܥ ୫ܸୟ୶ݓ ሾµFV/gሿ (5-4)
 
where C represents capacitance, w is weight of the capacitor and Vmax is 
maximum applied voltage. This value includs surface area and density of anode; thus 
it could be a simple and useful value to estimate performance of capacitor. Also, the 
specific energy density of capacitor is, 
 
ݏ݌݂݁ܿ݅݅ܿ ݀݁݊ݏ݅ݐݕ ൌ ቀ
1
2 ܥܸଶቁ
݉ܽݏݏ ሾMJ/kgሿ 
(5-5) 
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Table 5-5. Energy density and charge density of anodic (Ti-Zr)O2 dielectric films 
 Specimen Charge Density [CV/g] 
Energy Density 
[J/g] 
(c) pure Ti porous sponge, 1073K 2,803 0.042 
(e) TZ50 porous sponge, 923K 1,492 0.022 
(f) TZ50 porous sponge, 973K 603 0.009 
(g) TZ50 porous sponge, 1073K 404 0.006 
 
 
Table 5-5 shows the calculated value of charge density and energy density of 
various synthesized porous sponge structure. The energy density of pure Ti porous 
sponge reaches 0.042 J/g. The Ti-50at.%Zr alloy sponge specimen synthesized at 
923K shows the highest value of charge density and energy density among the Ti-Zr 
alloy sponge specimens. The energy density was 0.022 J/g. Since Ti mesh is used as a 
frame to grab the Ti-Zr alloy particles, weight of Ti-Zr alloy sponge includes weight 
of Ti mesh frame. Weight of the frame was averagely almost 60% of the developed 
sponge anode. 
Although the energy density of the developed porous anode was not high, it 
shows a possibility of the potential application to the electrolytic capacitor. Especially 
for the leakage current, it reaches very low level of the leakage. It is possible that with 
further research the porous Ti-Zr alloy sponge with nano-scale fine particles could be 
commercially used in the future.  
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5.4 Conclusions 
 
Porous Ti-Zr sponge specimens, synthesized by developed magnesiothermic 
reduction process, were anodized in phosphoric acid solution. Surface area was 
estimated by comparing its transition time of reaching constant voltage with flat 
specimens that have 1cm2 area for anodization. The estimated specific surface area of 
sponge specimen was maximum 60.5 times larger than the one with flat surface. The 
current change of the alloy sponge specimen during anodization shows similar 
behavior with the flat specimen of Ti-Zr alloy; it shows normal current drop during 
anodization. However, the measured current of pure Ti sponge specimen shows 
similar behavior with the flat Ti specimen. The current increases after rapid drop of 
the early stage of anodization. The trend is also shown in the result of leakage current 
measurement; sponge specimen of the Ti-Zr alloy shows lower leakage current than 
specimens with pure Ti. It is satisfying a standard of leakage current measurement of 
commercial electrolytic capacitors (10nA/μFV). Estimated value of energy density of 
porous Ti-Zr sponge specimen is reached to 0.022 J/g. 
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Conclusions and Suggestion for Future Works 
 
One objective of the present work was to develop a method for the synthesis of 
the fine-porous Ti-Zr sponge structure that can be used for anodes of electrolytic 
capacitors. Magnesiothermic reduction reaction of titanium tetraiodide and zirconium 
tetrachloride was chosen as the process. The reaction was designed to take place on 
the surface-layer of melting magnesium plate. After the reaction, the unwanted 
products of the reaction, namely magnesium iodide and magnesium chloride, were 
removed by a vacuum distillation process. This developed a fine-porous sponge 
structure with nano-scale particles. It was then anodized and tested as an anode of 
electrolyte capacitor. The anodic oxide layer on pure titanium was also characterized 
by using electrochemical and microstructural analyses. After characterization of the 
anodic oxide layer on pure Ti, alloying of Ti with Zr was tried to form more resistive 
oxide and to achieve a lower leakage current. The electrochemical properties of the 
anodic oxide films formed on Ti-Zr alloy were then investigated. 
The experimental results have shown that only at the beginning of 30V-
anodization of pure titanium the newly formed TiO2 is amorphous and resistive. 
However, within 90 seconds it transformed to a crystal structure. Nanocrystalline 
regions were observed by SEM and TEM. The oxide appears to have two sub-layers, 
an amorphous outer layer and an inner nanocrystalline layer. After about 300 seconds 
of anodization, additional small nodules and islands are observed on the oxide surface. 
This secondary anodization seems to be caused by repassivation in the oxide. The 
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repassivation continues until the entire oxide transformed to a new two sub-layers; the 
inner nanocrystal layer and the outer porous anatase layer. Since less amount of 
repassivation occurs, total current density of anodization decreases. By adding 
zirconium, the resistivity of the oxide on Ti-Zr alloy is improved. Through 
potentiodynamic anodic polarization measurement, the high resistivity of anodic 
oxide films on binary alloys was confirmed. The oxides formed on binary Ti-Zr alloys 
containing 40at.% to 60at.% Zr show extremely low leakage current density.  
Using magnesiothermic reduction, TiI4 and ZrCl4 were reduced. Controlling 
pressure and temperature, those halides had reaction with Mg, and formed Ti-Zr alloy 
sponge mixed with by-products and Mg remainder. The pyro-vacuum distillation was 
an effective method to get rid of unwanted chemicals. After the pyro-vacuum 
distillation process, porous structure with nanometer-scale fine particles was obtained. 
The particle size could be controlled by reduction temperature and time. The results 
of XRD analysis represent that the porous structure consists of Ti-Zr alloy.  
The synthesized porous sponge specimens were then anodized and tested as an 
anode of electrolytic capacitor. The results of capacitance measurement show that Ti-
50at.%Zr synthesized at 923K has the highest capacitance value by large surface area 
among the synthesized specimens. The potentiodynamic polarization test and the 
leakage current measurement show that it has decreased leakage current in 
comparison with the anodic oxide films on pure Ti. Thus, the Ti-50at.% Zr sponge 
specimen synthesized at 923K can be used as the anode of the electrolytic capacitors. 
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Further exploration the following topics should be considered.  
Studies of the electrochemical properties of the oxide on the Ti-Zr alloy using 
AC impedance. The EIS can give us more information about the resistivity of the 
complex oxide. Also by using the EIS, the porous nanostructure can be analyzed. EIS 
is very widely used analyzing method to investigate porous structure.  
Based on the developed magnesiothermic process, development of a new 
process to synthesize a porous structure with different alloying composition can be 
considered. Other halides can be used to form alloyed sponge structure such as Ti-Nb 
or Ti-Al, which also can be used as anodes of electrolytic capacitors. 
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Appendix A 
Optical Micrographs of Titanium Oxide Surface Anodized at 30V 
 
 
9 second 90 second 300 second 1500 second 3600 second 
Figure A-1. Color change of anodized titanium surface 
 
 
 
Figure A-2. Optical micrograph of titanium surface anodized at 30V after 9 seconds
 174 
 
 
Figure A-3. Optical micrograph of titanium surface anodized at 30V after 90 seconds 
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Figure A-4. Optical micrograph of titanium surface anodized  
at 30V after 300 seconds 
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Figure A-5. Optical micrograph of titanium surface anodized  
at 30V after 1500 seconds 
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Figure A-6. Optical micrograph of titanium surface anodized  
at 30V after 3600 seconds 
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Appendix B 
Snapshots of Movie Clip of the Evolution of Selected Area Diffraction Pattern (in 
TEM) of an Initially-Formed Anodic Amorphous TiO2 Layer 
 
Figure B-1. Snapshots of movie clip showing diffraction pattern in high-resolution 
TEM of a selected area of anodically formed TiO2 layer during focused electron 
irradiation; a time frame spanning 03 to 10 seconds. 
 
At the initial of the electron irradiation in TEM a diffused diffraction pattern is 
observed. It is characteristic of amorphous oxide. During focused electron irradiation 
in TEM the diffraction develops diffraction spots indicating a transformation from 
amorphous to (nm) crystalline oxide. It appears that amorphous phase initially exists 
in the anodic TiO2 film.  
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Appendix C 
Nyquist Plots for Anodic TiO2 Layers Grown during Different Anodizing Times 
at 30 Volts  
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Figure C-1. Nyquist plots for anodic TiO2 layers formed during different anodizing 
times at 30 Volts 
 
 
Black dots in the inset graph represent impedance spectrum of the natural oxide 
film formed on Ti specimen in the air. It shows much smaller resistance than the 
anodized specimens. The 9s to 3600s times represent fully grown oxide films without 
and with increasing amounts of self-repair. It shows very high polarization resistance 
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(radius of partial semicircles) in all anodizing time condition. This generally happens 
in a highly capacitive system and brings difficulty to analyze low-frequency limit in 
the plot [39]. Thus, Bode plots are used for analyzing anodic oxide films in this study. 
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